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Summary 
 
This thesis focuses on syntheses, reactivity and catalytic studies of group 
10 (mainly palladium) organometallic compounds bearing 
sulfur-functionalized or non-classical N-heterocyclic carbene (NHC) ligands. 
The findings of this research are presented in three chapters. 
Chapter 2 deals with syntheses of complexes bearing CSC-pincer type 
NHC ligands. Complexation of thioether-bridged dibenzimidazolium bromide 
B2HBr with Pd(OAc)2 and Ni(OAc)2 formed pseudo-pincer complexes 
cis-[PdBr2(B-
2
C)] (1) and trans-[NiBr2(B-
2
C)] (4), respectively, in which 
the sulfur atoms remain pendant. Replacement of the ligand precursor with 
B2HNO3 and subsequent palladation in the presence of one equiv of KBr led 
to the isolation of the first CSC-pincer Pd(II) complex 
trans-[PdBr(B-3CSC)]NO3 (3). Oxidation of B2HBr with H2O2 gave 
C2HBr carrying a sulfoxide function, which served as the ligand precursor to 
pseudo-pincer complex cis-[PdBr2(C-
2
C)] (2). The catalytic activities of 
complexes 1-3 in Mizoroki-Heck reactions were studied as well. Palladation 
of thioether-bridged imidazolium salts afforded CSC Pd(II) pincer complexes 
trans-[PdBr(E-3CSC)]Br (5) and trans-[PdBr(G-
3
CSC)]Br (6) for bulky and 
electron rich ligand systems, whereas the least donating 
4,5-dichloroimidazolin-2-ylidene led to the formation of a pseudo-pincer 
complex 7. All three complexes were found to be efficient in catalyzing the 
hydroamination reactions. CSC-pincer Pt(II) complexes 
trans-[PtBr(E-3CSC)]Br (10) and trans-[PtBr(G-
3
CSC)]Br (11) were 
synthesized as well by treating ligand precursors with PtBr2 and Ag2O. 
Summary 
                                                           V 
In Chapter 3, a new methodology of synthesizing thiolato-functionalized 
NHC complexes was developed. A thioester-function was used as a thiol 
protecting group which generated a thiolate in situ upon hydrolysis. Dimeric 
Pd(II) benzimidazolin-2-ylidene complex [PdBr(H-2C,µ-S)]2 (12) was 
synthesized in good yields from either a thiol or thioester. The reactivities of 
12 toward an Ag-carboxylate, alkylating reagents and oxidants were studied 
and interesting compounds 13-15 were isolated. A comparative catalytic study 
was carried out on complexes 12-14 in aqueous Suzuki-Miyaura couplings at 
very low catalyst loading. When the methodology was extended to a 
mesityl-substituted imidazole system, thiolato Pd(II) dimer 
[PdBr(J-2C,µ-S)]2 (16) as well as its interesting constitutional isomer 
[Pd2Br2(J-
2
C,µ-S)(J’-2C,µ-S)] (17) were obtained, the latter of which is the 
first dinuclear complex bearing both normal and mesoionic carbenes. 
Reactivity study of 16 with NaSCH(CH3)2 and NaBF4 formed a tetranuclear 
complex {Pd4[SCH(CH3)2]2(J-
2
C,µ-S)4}(2BF4) (18) with a [Pd4S4] 
macrocycle. Ni(II) and Pt(II) benzimidazolin-2-ylidene analogues 
[NiBr(H-2C,µ-S)]2 (19) and [PtBr(H-
2
C,µ-S)]2 (21) with thiolato-functions 
were synthesized from the thioester-functionalized salt as well.  






-e; L = non-classical carbene). The donating abilities of L, which include the 
perimidin-2-ylidene (23), saturated 6- and 7-membered NHCs (24 and 25) and 
1,2,3-triazolin-5-ylidenes (26-29) in this study, were determined by analyses 
of 
13
C NMR spectra of those complexes. Replacement of the bromido ligands 
of 26, 27 and 29 to trifluoroacetato ligands formed complexes 30-32, the latter 
Summary 
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of which showed improved catalytic activities in the direct arylation of 
pentafluorobenzene compared to the former. 
The new compounds synthesized in this work are depicted in Chart 1.
Chart 1 
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Chapter 1. Introduction 
 
1.1 Definition of carbenes 
Carbenes are neutral compounds of a divalent carbon atom which has only 
six valence electrons.
1
 They have the general formula of RR′C:, and 
methylene is the simplest conceivable carbene. 
 The geometry at the carbene carbon atom can be either linear or bent, 
depending on the hybridization.
2
 The linear geometry is based on an 
sp-hybridized carbene center, while an sp
2
-hybridized carbene carbon atom 
gives rise to the bent geometry. The former carbene center has two 
nonbonding energetically degenerated p orbitals (px and py), and one of these 
two p orbitals does not change upon transition to the sp
2
-hybridization in the 
latter case, which is conventionally called p (Figure 1.1). The newly formed 
sp
2
-hybrid orbital is normally called  orbital and displays partial s character, 
which is lower in energy in comparison to the original p orbital.  
 
 
Figure 1.1. Frontier orbitals of carbene carbon atoms with different 
hybridization. 
 
 There are four possibilities of how the two nonbonding electrons at the 
sp
2
-hybridized carbene carbon atom will fill the two empty orbitals  and p 






), resulting in a triplet ground state. The spin orientations may also be 
antiparallel to each other (1p
1
), which results in a singlet state higher in 
energy than the previous state. Other possibilities are the two electrons occupy 







Since the σ orbital is lower in energy, the occupation of the  orbital results in 




Figure 1.2. Electron configurations of the sp
2
-hybridized carbene carbon 
atom. 
 
 The multiplicity of the ground state determines the properties and 
reactivities of carbenes.
3
 Singlet carbenes show an ambiphilic behavior as 
there is a filled  orbital and a nonfilled p orbital. On the other hand, triplet 
carbenes can be regarded as diradicals as there are two unpaired electrons.  
 The multiplicity of the ground state is determined by both steric and 
electronic effects of the substituents of the carbene centers.
2 -electron 
withdrawing substituents stabilize singlet ground states, while -electron 
donating substituents stabilize triplet ground states. Besides the inductive 
effects, mesomeric effects of substituents play an important role as well.
4
 




singlet ground states although they adopt a linear or quasi-linear geometry. 
Triplet carbenes have been obtained with alkene, alkyne or aryl substituents 
that are part of conjugated systems. On the other hand, carbenes with 
-electron donor atoms, such as N, O, P, S and halogens, are normally bent 
and favor singlet states. N-hetrocyclic carbenes (NHCs), which are carbenes 
incorporated into heterocyclic rings, are exclusively singlet carbenes. Since it 
is a centerpiece of this dissertation, NHCs will be discussed in detail in the 
following sections.  
 
1.2 Electronic structure, classification, preparation and 
application of N-heterocyclic carbenes and their 
complexes 
1.2.1 Electronic structure of NHCs 
 
 
Scheme 1.1. Synthesis of first NHC complexes. 
 




 independently reported the 






 also did significant work in this field. However, carbene chemistry 
did not attract much attention until Arduengo reported the first isolation of an 
imidazole-derived free carbene in 1991 (Scheme 1.2).
8
 This breakthrough 
demonstrated that free NHCs are not as reactive and unstable as assumed
*
, and 




Scheme 1.2. Synthesis of first free NHC by Arduengo. 
 
The stability of NHCs can be explained by the so-called “push-pull effect” 
(Figure 1.3).
2
  The +M effect of the nitrogen atoms adjacent to the carbene 
center pushes the lone pairs toward the empty p orbital, which raises the 
relative energy of the p orbital. On the other hand, the relative energy of the  
orbital is not affected by the  interaction. The energy gap is enlarged as a 
result, and the singlet ground state is thus stabilized. In addition, the electron 
withdrawing nitrogen atoms pull electrons away from the carbene center, 
which causes the lowering of the nonbonding  orbital energy without 
affecting the p orbital, and thus results in a larger energy gap between the two 
orbitals and further stabilizes the singlet ground state carbene. 
                                                        





Figure 1.3. Representative electronic configuration and resonance structures 
of NHCs. 
 
1.2.2 Classification of NHCs 
Following Arduengo’s first isolation of stable carbenes, varieties of 
carbenes with different topologies and electronic properties have been 
synthesized. Three major types of NHCs have been studied most extensively, 
namely imidazolidin-2-ylidene, benzimidazolin-2-ylidene and 
imidazolin-2-ylidene (Figure 1.4). The common feature of all three carbenes is 
a five-membered N-heterocyclic ring with the carbene center flanked by two 
nitrogen atoms. They are called classical carbenes in comparison with newly 
developed derivatives.  
Nomenclature and properties of these three NHC types are introduced in 
Figure 1.4. Unsaturated imidazolin-2-ylidenes derived from imidazoles were 
the first free NHCs isolated and have proven to be most stable among all three. 
Both saturated imidazolidin-2-ylidenes and benzannulated 





 respectively, particularly when the substituents 
are small. Structural studies show that the NCN angles of 
benzimidazolin-2-ylidenes are similar to those of imidazolidin-2-ylidenes, 




spectroscopic studies indicated that the carbenoid chemical shifts of 
benzimidazolin-2-ylidenes are nearer those of saturated NHCs, but 
significantly larger than those of unsaturated NHCs. Thus it is clear that 
although benzimidazolin-2-ylidenes show the topology of unsaturated NHCs, 
they feature both structural and spectroscopic properties as well as reactivities 
of saturated NHCs.
10
 Benzimidazolin-2-ylidenes with this unique property are 
of great interest to us and will be a focus of this study, which will be discussed 
in detail in Character 2 and 3. 
 
 
Figure 1.4. Three major types of NHCs and their properties. 
 
In comparison to classical NHCs, current research is putting more and 
more weight on developing new types of carbenes, which possess different 
topologies and electronic properties. Expanding the conventional 
five-membered heterocycles leads to derivatives such as types D,
11
 E and F 
(Figure 1.5).
12
 On the other hand, another group of new species (e.g., types G, 
H, and I) was found to have the interesting feature that no resonance form of a 




resonance structures of G as an example in Figure 1.6). It was suggested by 
Bertrand to call them “mesoionic carbenes”.13 
 
 
Figure 1.5. Selected examples of non-classical carbenes. 
 
 
Figure 1.6. Resonance structure of imidazolin-4-ylidenes. 
 
The first mesoionic carbene reported by Crabtree et al. is an 
imidazolin-4-ylidene (type G, Figure 1.5), which is isomeric to the classical 
imidazolin-2-ylidene.
14
 Conventionally called abnormal carbene (aNHC), it 
has proven to be a stronger donor than its normal counterpart.
15,16
 Nolan et al. 
reported that a complex with an aNHC was a better catalyst that its normal 
analogue in the Mizoroki-Heck reaction.
17
 Following the discovery of 
imidazolin-4-ylidenes, other mesoionic carbenes were developed, e.g., 
1,2,3-triazolin-5-ylidenes (type H),
18






1.2.3 Preparation of NHCs and their complexes 
Free carbenes are commonly synthesized by (a) deprotonation of azolium 
salts, and (b) desulfurization of thiones. The first methodology has been 
employed by Arduengo, who treated an imidazolium salt with NaH in the 
presence of DMSO as catalyst in THF (Scheme 1.2).
8
 Many other frequently 






Pr)2] and M[N(SiMe3)2] (M = Li, K, 
Na). The second method, reported by Kuhn et al. in 1993,
20
 involves the 
reduction of thione by elemental potassium in boiling THF (Scheme 1.3). It 
was then modified by Hahn et al. to synthesize the first 
benzimidazolin-2-ylidene.
10a
 In the latter approach, Na/K was used to react 




Scheme 1.3. Preparation of free carbenes through desulfurization of thiones. 
 
Compared to free carbenes, much more efforts have been put on 
synthesizing NHC complexes, which now cover almost every transition metal 
and a large number of main group elements. Two important methods that have 
been employed in this study are (a) reactions of azolium salts with suitable 






Scheme 1.4. Major synthetic routes toward NHC complexes (X = 
counter-anion). 
 
Method (a) involves the in situ deprotonation of azolium salts with a base, 
which may come from the metal precursors carrying basic ligands, e.g., 
Pd(OAc)2, or from external base added in, e.g., NaOAc or K2CO3. In situ 
deprotonation makes the handling of air/moisture sensitive free carbenes 
unnecessary, which is an important advantage of this method. Following this 





1.1) were prepared with the basic metal precursors Hg(OAc)2 and [HCr(CO)5]
-
, 
respectively. Ag-NHC complexes were also synthesized this way with silver 
salts such as Ag2O and Ag2CO3. Subsequently, the NHCs can be transferred to 
other metals upon reactions of Ag-NHC complexes with suitable metal 
precursors, making use of the labile nature of the Ag-carbene bonds. The 
advantage of method (b) lies in the mild reaction conditions normally applied, 
which lead to less decompositions and fewer byproducts. First reported by Lin 
et al.,
21
 this method has been used in synthesizing NHC complexes of a range 
of metals, e.g., Pd, Ir, Rh, and Au.
22
 
In addition to the aforementioned two methods, NHC complexes can also 
be prepared by the treatment of free carbenes with suitable metal precursors, 
template directed synthesis from isocyanide complexes,
23
 and oxidative 
addition.
 19, 24
 Since they are not related to the work presented in this 




1.2.4 Application of NHCs and their complexes 
Due to the ease of their preparation and modification, both free carbenes 
and their complexes have found wide application in catalysis. Free NHCs that 
have proved to be powerful nucleophilic catalysts,
25
 were employed in 
catalyzing benzoin condensation, stetter reaction, ring-opening polymerization 
and some other reactions.
26
  
Moreover, NHC complexes are often used as replacements for phosphine 
complexes in catalysis, due to their increased stability. Spectroscopic studies 
show that NHCs are even stronger -donors than the most basic 
phosphines.
16,27
 In addition, they are generally poor -acceptors, although 
recent studies reported non-negligible amount of -backbonding in certain 
NHC complexes.
28
 Grubbs’ catalyst (Figure 1.7) is a significant example 
which proves that NHC complexes indeed work better in catalysis.
29
 The 
second generation of Grubbs’ catalyst was synthesized by replacing one 
phosphine ligand in the first generation with a NHC, which performs better in 
olefin metathesis. With this achievement as part of his contribution toward 
olefin metathesis, Grubbs was awarded the Nobel Prize along with two other 
chemists Chauvin and Schrock. NHC Pd(II) complexes have also been 





 and Mizoroki-Heck reaction.
32
 These reactions 
produce important building blocks for the pharmaceutical industry and 
conjugated organic materials. Suzuki, Heck and Nigishi were awarded the 
Nobel Prize in 2010 for their achievements in the field of C-C couplings. In 
addition, other reactions such as C-N and C-S couplings,
33
 hydrosilylations of 



















1st generation 2nd generation  
Figure 1.7. Grubbs’ 1st and 2nd generation catalysts. 
 
Besides catalysis, there are some other potential applications of NHC 
complexes as antimicrobial agents, antitumor agents, photoluminescent 
material, and liquid crystalline materials.
35
 Empowered by the tremendous 
development of NHC chemistry, it can be foreseen that more applications 
related to diverse aspects of chemistry will be discovered.  
 
1.3 Preparation and application of sulfur-functionalized 
N-heterocyclic carbenes and their complexes 
Both steric and electronic properties of NHCs can be conveniently tuned 
by changing the substituents and backbones. Thus, modification of NHCs can 
be easily achieved by introducing functional groups at the nitrogen atom, 
which adds to the diversity of NHC chemistry.
36
 Donor-functionalized NHCs 
are potentially polydentate ligands, which can give rise to complexes with 
enhanced stability through ligand chelation. Varieties of functionalized NHC 
complexes bearing bidentate chelating NHCs, tripodal NHCs and pincer-type 
NHCs have been reported and tested in catalysis.
36




M-C bonds, the presence of other donors that form weaker bonds with metal 
centers makes these polydentate ligands potentially hemilabile. Hemilability 
has become an important concept in catalyst design as hemilabile ligands have 
the ability to provide open coordination sites at the metal center during 
catalysis, or to stabilize catalytic active species.
37
  
While NHCs with N, O or P donors are relatively common,
38
 those with 
sulfur donors still remain to be explored. The latter can be mainly categorized 
into thioether-NHC, thiolato-NHC, sulfonate-NHC, thiophene-NHC, and 
sulfoxide-NHC (Figure 1.8).
39




Figure 1.8. NHCs with different sulfur functions. 
 
The thioether group is the most common among sulfur-functions (Figure 
1.9). Huynh et al. reported the first experimental evidence for the truly 
hemilabile behavior of a NHC with an aryl
†
 thioether arm at a Pd(II) center.
40
 
A reversible process involving de- and recoordination of the thioether group in 
a hemilabile fashion was observed. These complexes showed good activities in 
aqueous Suzuki-Miyaura couplings. Similarly, Braunstein et al. reported the 
syntheses of Pd(II) complexes of NHCs with alkyl thioether functions and 
their catalytic activities in Suzuki couplings.
41
 In addition to Pd(II), alkyl 
thioether functionalized NHCs have also been complexed to Ni(II), Rh(I) and 
Ru(II) which are also metals of catalytic interest.
42
 The thioether arm 
                                                        





remained pendant in a Ni(II) complex, which can be explained by the HSAB 
theory as the soft sulfur atom is reluctant to bind to the hard Ni(II) center.
42a
 
On the other hand, chelating Rh(I) and Ru(II) complexes were isolated with 
both sulfur and NHC donors bound to metal centers, while a Pd(II) complex 
was found to be dinuclear with bridging ditopic ligands.
42
 In terms of catalysis, 
Rh(I) complexes have been proven to be rather active in hydrosilylations of 
acetophenone and its derivatives,
42a
 while Ru(II) complexes were tested to be 
inactive in hydrogenation reactions.
42b
 In addition, complexes of NHCs with 
ferrocenyl-tethered thioethers
43
 and chiral thioethers
44
 have also been 
reported. The latter performed well in enantioselective 1,3-dipolar 
cycloadditions of azomethine ylides with tert-butyl acrylate.  
 
 
Figure 1.9. Selected examples of thioether-NHC complexes. 
 
Although the coordination chemistry of NHCs with either aryl or alkyl 
thioether groups have been studied with different metal centers, all the existing 
examples focused on chelating ligands, while no investigation has been carried 






 contain a rather rigid structure, which is intended to 
yield increased stability of their complexes. On the other hand, a more flexible 
ligand backbone would allow a more subtle interplay between lability and 
stability, which may be beneficial for certain types of catalytic applications. 
Our study on such CSC pincer NHC complexes will be discussed in detail in 
Chapter 2. The synthesis and catalytic study of the first Pd(II) sulfoxide NHC 
will also be included. 
 
 
Scheme 1.5. Synthesis of thiolato-NHC complexes. 
 
In comparison to the thioether group, the thiolato function is more electron 




diverse coordination chemistry. Not many studies on thiolato-functionalized 
NHCs have been reported despite the fact that the first related report appeared 
as early as in 1992. Sellmann reported the accidental isolation of Ni(II) 
dinuclear complexes bearing thiolato-NHC from the reaction of 
1,2-ethanediamine-N,N’-bis(2-benzenethiolate), triethyl orthoformate and 
NiCl2 (Scheme 1.5).
46
 The same methodology was extended to synthesize 
Pd(II) and Pt(II) analogues. Also in the 1990s, Matsumura et al. reported the 
synthesis of SCS pincer complexes of Pd(II), Pt(II) and Rh(III) with a 
6-membered NHC, which formed through the cleavage of a C-S bond 
(Scheme 1.5).
47
 Cabeza et al. developed the synthesis of Pd(II) thiolato-NHC 
complexes through oxidative addition of Pd(0) across a C-S bond of 
(-)-levamisole (Scheme 1.5).
48
 This approach, however, is restricted to 
precursors with C2-S bonds. Moreover, all the existing methods of 
synthesizing thiolato-NHC complexes suffer from the limitation that air 
sensitive precursors, such as free thiols and metal(0) compounds, are required. 
In addition, no catalytic activities on such complexes have been reported. In 
this dissertation, a more convenient method was developed to synthesize NHC 
complexes carrying a thiolato function, which will be introduced in Chapter 3 
along with a catalysis study. 
There has been growing interest on sulfonate functionalized NHCs, 
especially in the field of catalysis, mainly due to the fact that the sulfonate 
function improves the solubilities of complexes in water and makes them 
suitable precatalysts in aqueous media.
49
 Different from other sulfur functions, 
the sulfonate group will only bind to metal center through an oxygen atom 




or aryl sulfonate group were mainly synthesized by ring opening reaction of 
sultone, or alkylation with haloalkyl sulfonate.
49
 Ag(I), Pd(II), Au(I) and Rh(I) 
complexes bearing a sulfonate function have been synthesized and some of 
them have been tested in aqueous reactions such as Suzuki-Miyaura and 
Sonogashira reactions showing good activities.
49 
 
1.4 Determination of donor strengths of non-classical 
carbenes 
The donating abilities are crucial properties of ligands, which play an 
important role in influencing the chemical properties and reactivities of their 
transition metal complexes. The knowledge of such capacities may pave the 




 and its derivatives are widely used to determine the donor strengths 
of certain ligands, they suffer from some limitations, e.g., the preparation of 
the respective complexes {[Ni(CO)3L] or [MX(CO)2L] (L = ligand in study, 
M=Ir(I) or Rh(I), X=halide)} requires the handling of highly toxic CO gas, as 
well as extremely toxic [Ni(CO)4] or expensive Ir or Rh precursors. 
Furthermore, when they were used to study NHCs, inconsistent results were 
obtained in certain cases (vide infra), mainly due to the assumption that the 
-back-donation from metal centers to NHCs competing with that to the CO is 
negligible. To overcome these problems, Huynh et al. has introduced a new 
safe and nondestructive method that employs a 
13
C NMR spectroscopic 











Downfield chemical shifts of the carbenoid signal of 
i
Pr2-bimy in the 
13
C 
NMR spectra correspond to more donating ligands.  
 
 




The donor strengths of 25 Werner type and organometallic ligands have 
been included in the previous study (Figure 1.10). This methodology was then 















TEP derived methods have been employed to study the donor strengths of 
several non-classical NHCs. For example, perimidin-2-ylidenes (type D, 
Figure 1.5) have been found to be stronger -donors than classical NHCs,11,51 
which is contrary to the fact that the -I effect of the second benzene ring at the 
backbone should make them weaker donors than benzimidazolin-2-ylidenes. 
Moreover, TEP derivatives have been proven to be limited in differentiating 
the donor strengths of 1,2,3-triazolin-5-ylidenes (type H) with different 
substituents.
52
 Complexes of different carbenes with either alkyl or phenyl 
substituents gave the same CO stretching, which is apparently not reflecting 
the truth. In this dissertation, the donating abilities of carbenes of type D, E, F 
and H were studied with the 
13





Chapter 2. Palladium(II) and Platinum(II) Complexes 
with CSC-pincer Type NHC ligands 
 
2.1 Pd(II) CSC-pincer and pseudo-pincer 
benzimidazolin-2-ylidene complexes 
2.1.1 Syntheses and characterizations 
 Sulfur-bridged dibenzimidazolium salts. The preparation of thioether- 
and sulfoxide-bridged dibenzimidazolium salts as precursors to CSC-pincer 
type NHC ligands is summarized in Scheme 2.1. The reaction of 
benzylbenzimidazole with neat dibromoethane afforded 
1-benzyl-3-bromoethylbenzimidazolium bromide A in a good yield of 92%, 
which is a useful precursor to other salts bearing different functional groups. 
Since salt A is soluble in dichloromethane, it can be easily separated from 
small amounts of the ethylene bridged dibenzimidazolium salt that has formed 
as a minor by-product. The formation of A is supported by a base peak in the 
ESI mass spectrum at m/z = 316 for the molecular cation [M – Br]+. 
Furthermore, its 
1
H NMR spectrum shows a downfield shift at 10.12 ppm 
characteristic for the NCHN proton in azolium salts and two triplets at 5.03 
and 4.08 ppm with vicinal coupling constant 
3
J(H-H) = 5.8 Hz assignable to 
the two inequivalent methylene groups of the bromoethylene N-substituent. 






Scheme 2.1. Synthesis of thioether and sulfoxide bridged dibenzimidazolium 
salts B2HBr, B2HNO3 and C2HBr. 
 
Two equiv of A can subsequently undergo nucleophilic substitution with 
Na2S to form the thioether-bridged dibenzimidazolium dibromide B2HBr, 
which was isolated as an off-white powder in 87% yield. Compared to 
precursor A, the 
1
H NMR signals do not change significantly upon 
thioether-formation. Only a slight upfield shift was observed for the methylene 
groups adjacent to the sulfur atom. Stronger evidence for the identity of 
B2HBr was provided by a base peak in the ESI mass spectrum at m/z = 252 
for the molecular dication [M – 2Br]2+ and a less intense peak at m/z = 585 for 
the mono-cation [M – Br]+. Single crystals of B2HBr∙0.8H2O were obtained 
by slow evaporation of a concentrated methanol solution and subjected to 




along with the crystallographic numbering scheme shows the expected 
connectivity and the presence of the desired thioether function bridging the 
two cationic benzimidazolium fragments. All bond parameters are in the 
expected range and do not require further comments. 
 
 
Figure 2.1. Molecular structure of B2HBr∙0.8H2O showing 50% probability 
ellipsoids; hydrogen atoms and solvent molecules are omitted for clarity. 
Selected bond lengths (Å) and angles (°): N3-C24 1.505(9), N3-C17 1.333(10), 
N4-C17 1.343(9), N4-C31 1.489(9), C31-C32 1.525(10), C32-S1 1.819(7), 
S1-C16 1.842(7), C16-C15 1.513(11), N2-C15 1.493(8), N2-C1 1.339(8), 
C1-N1 1.333(8), N1-C8 1.489(8); N3-C17-N4 110.9(7), N2-C1-N1 110.1(5). 
 
Anion exchange occurs smoothly by reacting B2HBr with two equiv of 
AgNO3 affording B2HNO3 with the precipitation of AgBr. The 
1
H NMR 
spectrum is similar to that of B2HBr. Again, ESI MS proved useful in the 
characterization of the product with a base peak at m/z = 252 assignable for the 
[M – 2NO3]
2+
 dication and a less intense peak at m/z = 566 for the 
mono-cation [M – NO3]
+
.  
In addition, the sulfoxide-bridged dibenzimidazolium salt C2HBr was 
prepared by oxidation of the thioether B2HBr with three equiv of H2O2 in 




base peak at m/z = 260 for the dication [M – 2Br]2+ and a smaller peak 
centered at m/z = 601 for the mono-cation [M – Br]+. Upon formation of the 
sulfoxide function, all protons of the bridge and their respective carbon atoms 
are shifted downfield in the NMR spectra, which is in line with the increased 
–I-effect of the resulting sulfoxide group. Furthermore, the α-protons also 
become diastereotopic due to the reduced inversion of the oxidized and 
pyramidal sulfur atom. All other groups remain largely unaffected by this 
conversion and their chemical shifts show little changes. The benzimidazolium 
salts A, B2HBr, B2HNO3 and C2HBr are all non-hygroscopic powders and 
can be easily handled in air. 
Pd(II) CSC-pincer and pseudo-pincer complexes. The suitability of the 
proligands B2HBr, C2HBr and B2HNO3 to form Pd(II)-complexes was 
probed by reacting them with Pd(OAc)2 in DMSO at elevated temperatures. 
The reaction sequences are summarized in Scheme 2.2. Palladation of B2HBr 
leads to the pseudo-pincer dicarbene Pd(II) complex cis-[PdBr2(B-
2
C)] (1), in 
which the thioether function remains pendant. The neutral complex was 
isolated as a stable yellow solid soluble in CH2Cl2, CHCl3, DMSO, and DMF, 
but insoluble in less polar solvents such as THF, diethyl ether and hexane. The 
formation of a Pd(II) carbene complex is supported by positive mode ESI 
mass spectrometry, which shows a base peak at m/z = 689 for the [M – Br]+ 
complex fragment. Besides the disappearance of the NCHN signal in the 
1
H NMR spectrum characteristic for B2HBr, the metallation results in 
diastereotopy of the benzylic protons with chemical shifts of 6.35 and 5.30 
ppm, respectively, with geminal coupling constants of 16.4 Hz. Likewise, the 




signals at 5.84 and 4.85 ppm. The methylene groups adjacent to the sulfur 
atom, on the other hand, resonate as one multiplet at 3.50 ppm, which 
indicates a certain degree of rotational freedom in line with a pendant sulfur 
function. This is further supported by the 
13
C NMR signal for the carbene 
carbon found at 175.2 ppm. This chemical shift corroborates a cis-arrangement 
of the two benzimidazolin-2-ylidene donors disfavoring coordination of the 





Scheme 2.2. Synthesis of pseudo-pincer complexes 1, 2 and CSC pincer 
complex 3. 
 
The identity of 1 as a pseudo-pincer was finally confirmed by X-ray 
diffraction analysis on a single crystal obtained from slow vapour diffusion of 
diethyl ether into a concentrated DMF solution. The molecular structure is 
depicted in Figure 2.2. As found in solution, the dicarbene ligand B 
coordinates the palladium(II) center in a cis-chelating fashion, which results in 




respect to the metal center and points away from the coordination plane. A 
similar arrangement has been observed for a related Pd(II) quasi-pincer 
complex of an ether-bridged diimidazolin-2-ylidene ligand.
54
 The two 
remaining coordination sites in the square planar complex are taken up by two 
bromido ligands. The two carbene planes adopt an angle of 80.1(3)° to each 
other. Surprisingly, the amount by which the two carbene planes deviate from 
the [PdC2Br2] coordination plane is with values of 81.9(2)° and 69.5(2)° quite 
different. At this point this difference can only be ascribed to crystal packing 
effects, since other interactions could not be discerned. The Pd-C bonds of 
1.951(7) and 1.984(6) Å as well as the Pd-Br bonds amounting to 2.4684(10) 
and 2.4792(9) Å are comparable to those observed for the only other 












Figure 2.2. Molecular structure of pseudo-pincer complex 1 showing 50% 
probability ellipsoids; hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (°): Pd1-C1 1.951(7), Pd1-C15 1.984(6), Pd1-Br1 
2.4684(10), Pd1-Br2 2.4792(9), N1-C8 1.451(11), N1-C1 1.368(10), N2-C1 
1.357(10), N2-C29 1.462(10), N3-C15 1.348(9), N3-C22 1.474(10), N4-C32 
1.452(10), N4-C15 1.349(9), S1-C30 1.799(8), S1-C31 1.812(8); C1-Pd1-Br1 
84.7(2), C1-Pd1-C15 94.5(3), C15-Pd1-Br2 87.8(2), Br1-Pd1-Br2 93.06(4), 
C15-Pd1-Br1 178.8(2), C1-Pd1-Br2 176.8(2), N1-C1-N2 104.7(6), 
N3-C15-N4 105.5(6). PdC2Br2/NHC dihedral angle 81.9(2)°, 69.5(2)°; 
inter-NHC angle 80.1(3)°. 
 
The reaction of precursor C2HBr with Pd(OAc)2 gave similar results and 
an analogous pseudo-pincer complex cis-[PdBr2(C-
2
C)] (2) was obtained, 
which is to date the only example of NHC complex carrying a sulfoxide 
function. Complex 2 dissolves sparingly in acetone and CH3CN, but shows 
good solubility in DMSO and DMF. The formation of 2 is indicated by a base 
peak at m/z = 705 for the [M – Br]+ ion in the positive mode ESI mass 
spectrum. Compared to the 
1
H NMR spectrum of its ligand precursor C2HBr, 
in which only the methylene protons adjacent to the sulfoxide group are 
diastereotopic (vide supra), all three methylene groups of the ligand C split 




formation. Furthermore, the carbene donors of 2 resonate slightly highfield 
from those in complex 1 at 173.8 ppm, again indicating a cis-arrangement of 
the benzannulated carbene moieties. The proposed structure was finally 
confirmed by an X-ray diffraction study on crystals obtained by diffusion of 
diethyl ether into a DMF solution of 2. The molecular structure depicted in 
Figure 2.3 is similar to that of complex 1 and features a cis-chelating 
dicarbene and two bromido ligands coordinating the palladium center in a 
square planar fashion. The resulting 10-membered metallacycle contains the 
pendant sulfoxide group, which points away from the coordination plane. 
Similar to 1, the two carbene planes adopt an angle of 76.1(2)° relative to each 
other. Their dihedral angles of 83.3(1)° and 81.0(1)° with respect to the 
[PdC2Br2] coordination plane fall, in contrast to those in 1, in a narrow range. 








Figure 2.3. Molecular structure of pseudo-pincer complex 2·0.5DMF showing 
50% probability ellipsoids; hydrogen atoms and the solvent molecule are 
omitted for clarity. Selected bond lengths (Å) and angles (°): Pd1-C1 1.991(6), 
Pd1-C17 1.987(5), Pd1-Br1 2.4765(7), Pd1-Br2 2.4649(7), N1-C1 1.340(7), 
N1-C8 1.472(7), N2-C1 1.360(6), N2-C15 1.457(7), N3-C17 1.355(7), 
N3-C24 1.450(7), N4-C17 1.365(7), N4-C31 1.467(7), S1-O1 1.490(5), 
S1-C16 1.790(6), S1-C32 1.817(7); C1-Pd1-Br1 84.28(15), C1-Pd1-C17 
96.1(2), C17-Pd1-Br2 86.57(15), Br1-Pd1-Br2 93.03(3), C1-Pd1-Br2 
177.24(15), C17-Pd1-Br1 179.25(17), N1-C1-N2 106.5(5), N3-C17-N4 
105.7(5). PdC2Br2/NHC dihedral angle 83.3(1)°, 81.0(1)°; inter-NHC angle 
76.1(2)°. 
 
 In an attempt to overcome the formation of pseudo-pincer complexes and 
to enforce a CSC-pincer-type coordination mode of ligand B, ligand precursor 
B2HBr was substituted with B2HNO3. The latter only contains weakly 
coordinating counter-anions, which should facilitate binding of the soft 
thioether donor. Disappointingly, the equimolar reaction of B2HNO3 with 
Pd(OAc)2 in DMSO at 80 °C only led to substantial formation of Pd black. 
 It was anticipated that the lack of stabilizing anionic ligands was the cause 




take up the fourth coordination site, the reaction proceeded smoothly and the 
desired product [PdBr(B-3CSC)]NO3 (3) could be isolated in a good yield of 
68%. The solubility of complex 3 in common organic solvents is similar to 
that of 2. Although the ESI mass spectrum shows a cationic base peak at m/z = 
689 for the [M – NO3]
+
 complex cation, it does not provide sufficient evidence 
for the formation of 3, since the same base peak has been observed for the [M 
– Br]+ fragment of 1. On the other hand, NMR spectroscopy reveals distinct 
differences. The coordination of the sulfur atom results in diastereotopy of the 
adjacent methylene protons, which resonate at 3.73 and 3.44 ppm, respectively. 
Furthermore, the carbenoid 
13
C signal is observed downfield from those in 1 at 
176.6 ppm, indicating a trans arrangement of the two 
benzimidazolin-2-ylidene moieties. However, this chemical shift difference is 
not as pronounced as in direct cis-trans isomers
53
 as a consequence of the 
different overall Lewis acidity of neutral 1 and cationic 3.  
Vapour diffusion of diethyl ether into a DMF solution afforded single 
crystals that were subjected to X-ray diffraction studies. Figure 2.4 depicts the 
molecular structure of the first CSC-pincer complex bearing NHC ligands. As 
found in solution, pincer-type coordination forces the two carbene donors into 
a trans-arrangement incorporating the Pd(II) center into two six-membered 
rings. As anticipated, the fourth coordination site trans to the sulfur donor is 
taken up by a bromido ligand resulting in a square planar complex-cation, the 
charge of which is compensated by one NO3
-
 counter-anion. Pincer formation 
also leads to a substantial decrease of the inter-NHC angle to 15.6(3)°. The 
dihedral angles between the carbene ring planes and the [PdC2SBr] 




consequence of the trans arrangement, the Pd-C bonds of 2.032(6) and 
2.000(6) Å have become elongated compared to those in 1 and 2. They are 
also similar to those reported for related CNC-pincer complexes containing 
benzannulated carbene donors.
56,57
 On the other hand, the Pd-Br bond of 
2.4340(8) is shorter due to the smaller trans-influence of the sulfur donor. 





Figure 2.4. Molecular structure of CSC-pincer complex 3 showing 50% 
probability ellipsoids; hydrogen atoms and the NO3
-
 counter-anion are omitted 
for clarity. Selected bond lengths (Å) and angles (°): Pd1-C1 2.033(6), 
Pd1-C17 2.000(6), Pd1-S1 2.3078(18), Pd1-Br1 2.4341(8), N1-C1 1.361(8), 
N1-C8 1.468(7), N2-C1 1.356(7), N2-C15 1.472(8), N3-C17 1.347(7), 
N3-C24 1.472(8), N4-C31 1.461(7), N4-C17 1.345(8), S1-C16 1.800(7), 
S1-C32 1.825(7); C1-Pd1-Br1 93.59(18), C1-Pd1-S1 93.16(18), C17-Pd1-S1 
84.46(17), C17-Pd1-Br1 88.66(17), C17-Pd1-C1 177.3(2), S1-Pd1-Br1 
171.10(5), N1-C1-N2 105.2(5), N3-C17-N4 106.3(5). PdC2SBr/NHC dihedral 
angle 48.0(2)°, 62.8(2)°; inter-NHC angle 15.6(3)°. 
 
The Ni(II) pseudo-pincer complex. Besides the Pd(II) complex 1, 
B2HBr was found to be a suitable precursor to synthesize the Ni(II) analogue 
as well. Following the methodology established by Huynh et al. on 






precursor B2HBr was treated with Ni(OAc)2 in molten [N(n-Bu)4]Br at 
120 °C under vacuum to yield trans-[NiBr2(B-
2
C)] (4) (Scheme 2.3). 
Successful complexation was indicated by the color change of the reaction 
mixture from green to dark red, which is a typical color of trans-configured 
Ni(II) NHC compounds.
58
 With exceptions of non-polar solvents like diethyl 
ether and hexane, 4 shows good solubility in common organic solvents. Since 
Ni(II) is a harder metal center than Pd(II), according to the Pearson (HSAB) 
concept, it is anticipated that the sulfur atom will not coordinate and a 
pseudo-pincer configuration is conceivable. The formation of 4 is corroborated 
by a base peak at m/z = 641 in the positive FAB mass spectrum, corresponding 
to the [M – Br]+ fragment. In the 1H NMR spectrum, in line with the 
successful deprotonation, the downfield signal of the NCHN protons in 
B2HBr disappeared. All the proton signals are broad and show no splitting 
pattern. Moreover, three peaks ranging from 6.12 to 4.30 ppm are assigned to 
the three methylene groups, which are shifted downfield in comparison to 
those of B2HBr, as a result of complex formation. The fact that no 
diastereotopy is observed implies a greater fluctionality of this system in 
comparison to the Pd analogue. The carbenoid carbon atom resonates at 182.8 










The identity of 4 as a trans-configured pseudo-pincer complex was finally 
confirmed by X-ray analysis of single crystals obtained by slow evaporation of 
a concentrated CH2Cl2 solution. The molecular structure of 4 is depicted in 
Figure 2.5.  
 
Figure 2.5. Molecular structure of pseudo-pincer complex 4 showing 50% 
probability ellipsoids; hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (°): Ni1-C1 1.906(3), Ni1-C17 1.917(3), Ni1-Br1 
2.3286(8), Ni1-Br2 2.3201(8), C1-N1 1.344(5), C1-N2 1.357(4), C17-N4 
1.357(5), C17-N3 1.353(4); C1-Ni1-Br1 88.83(11), Br1-Ni1-C17 91.89(11), 
C17-Ni1-Br2 90.22(12), Br2-Ni1-C1 89.61(11), C1-Ni1-C17 172.30(15), 
Br1-Ni1-Br2 175.53(3), N1-C1-N2 106.2(3), N3-C17-N4 105.8(3). 
NiC2Br2/NHC dihedral angle 74.6(1)°, 71.4(1)°; inter-NHC angle 34.0(1)°. 
 
The two chelating carbenes coordinate to the Ni(II) center in a trans 
manner with the bridging sulfur atom pendant and two bromido ligands taking 
up the other two coordination sites. Previous studies on Ni(II) complexes 
bearing chelating benzimidazolin-2-ylidene ligands show that their geometries 
are largely influenced by the bridge length. A tetracarbene complex was 
isolated from a methylene bridged dibenzimidazolium salt, while 
cis-configured dicarbene complexes formed from C3 and C4 alkyl bridged 
ligand precursors.
59




allows a trans-configuration. The lengths of the two Ni-Ccarbene bonds are 
1.906(3) and 1.917(3) Å, respectively, which are longer than those of 
cis-chelated complexes.
59
 The Ni-Br bonds [2.3201(8) and 2.3286(8) Å] are in 
turn shorter. The dihedral angles between the [NiC2Br2] coordination plane 
and carbene planes are 74.6(1)° and 71.4(1)°, respectively. The angle between 
the two carbene planes amounts to 34.0(1)°, which is significantly smaller 
than that of 1 (80.1(3)°) due to the trans-configuration. 
 
2.1.2 Catalytic studies in Mizoroki-Heck couplings 
The Mizoroki-Heck reaction of aryl bromides with tert-butyl acrylate in 
DMF was selected to test and compare the initial catalytic activities of the 
pseudo-pincer complexes 1 and 2 as well as the pincer-complex 3. The results 
summarized in Table 2.1 demonstrate that all three complexes are suitable 
catalyst precursors leading to quantitative yields for a range of activated 
substrates (entries 1-13). The coupling of dibromo-pyridine is also successful 
giving quantitatively the doubly-coupled product 
(E,E’)-di-tert-butyl-3,3'-(pyridine-2,6-diyl)diacrylate (entries 13-15). The 
latter result is encouraging and demonstrates superior activities of 
benzimidazole-derived NHCs over a previously reported imidazole-based 
bis(carbene) system.
60
 Surprisingly, the reaction with 
1-bromo-4-chlorobenzene turned out to be rather sluggish resulting in only 
moderate yields (entries 16-18). The limitations of all three complexes finally 
become evident in the coupling of deactivated substrates, where poor to 
moderate yields were obtained (entries 19-24). A better performance has been 






Table 2.1 Mizoroki-Heck coupling reactions
a
 catalyzed by complexes 1-3. 
 
Entry Catalyst Aryl halide t [h] Temp [ºC] Yield [%]
b
 
1 1 4-bromo-1-nitrobenzene 24 120 >99 
2 2 4-bromo-1-nitrobenzene 24 120 >99 
3 3 4-bromo-1-nitrobenzene 24 120 >99 
4 1 4-bromobenzaldehyde 24 120 >99 
5 2 4-bromobenzaldehyde 24 120 >99 
6 3 4-bromobenzaldehyde 24 120 >99 
7 1 4-bromobenzonitrile 24 120 >99 
8 2 4-bromobenzonitrile 24 120 >99 
9 3 4-bromobenzonitrile 24 120 >99 
10 1 4-bromoacetophenone 24 120 >99 
11 2 4-bromoacetophenone 24 120 >99 
12 3 4-bromoacetophenone 24 120 >99 
13 1 2,6-dibromopyridine 24 120 >99 
14 2 2,6-dibromopyridine 24 120 >99 
15 3 2,6-dibromopyridine 24 120 >99 
16 1 1-bromo-4-chlorobenzene 24 120 50 
17 2 1-bromo-4-chlorobenzene 24 120 58 
18 3 1-bromo-4-chlorobenzene 24 120 45 
19 1 4-bromotoluene 24 140 53
c
 
20 2 4-bromotoluene 24 140 52
c
 
21 3 4-bromotoluene 24 140 47
c
 
22 1 4-bromoanisole 24 140 41
c
 
23 2 4-bromoanisole 24 140 35
c
 




 Reaction conditions: 1 mmol of aryl halide (0.5 mmol of 2,6-dibromopyridine); 1.4 
mmol of tert-butyl acrylate; 3 mL of DMF; 1.5 mmol of NaOAc; 1 mol% of [Pd]. 
b
 
Yields were determined by 
1
H NMR spectroscopy for an average of two runs. 
c
 With 
1.5 equiv [N(n-Bu)4]Br. 
 
Notably, a comparison did not reveal the superiority of any complex. It 
was observed that any of the three complexes can give rise to the best yield 
dependant on the substrate used (entries 17, 19, 24). However, as these 




decompose under the relatively harsh conditions to palladium nanoparticles of 
very similar size that do the catalytic work. 
In a separate study, the influence of the catalyst loading on the 
Mizoroki-Heck coupling reaction catalyzed by the pincer complex 3 was 
investigated as well (Table 2.2). Here it was observed, that 3 could still give 
quantitative yield with a loading of as low as 10
-3
 mol% when the reaction 
time was extended to 48 h. This result is promising and indicates that the 
sulfur function in the bridge does not poison the active Pd(0) catalyst. 
However, further decrease of catalyst loading to 2  10-4 mol% and extension 
of the reaction time to 78 h results in a dramatic drop of yield to 36%, 
although a relatively high TON of 180,000 could be achieved. Again, these 





 carbene ligands derived from 
imidazole. 
 
Table 2.2 Mizoroki-Heck coupling reactions
a
 catalyzed by complex 3. 
 
Entry [Pd] [mol%] t [h] Temp [ºC] Yield [%]
b
 TON 
1 0.2 24 120 >99 500 
2 0.02 24 120 >99 5000 
3 0.002 24 120 >99 50,000 
4 0.001 48 120 >99 100,000 
5 0.0002 72 120 36 180,000 
a
 Reaction conditions: 1 mmol of 4-bromobenzaldehyde; 1.4 mmol of tert-butyl 
acrylate; 3 mL of DMF; 1.5 mmol of NaOAc; 
b
 Yields were determined by 
1
H NMR 






2.2 Pd(II) CSC-pincer imidazolin-2-ylidene complexes 
Although imidazolin-2-ylidenes are most studied among all three classical 
carbenes, their pincer complexes with sulfur functions were unknown. Since 
the methodologies of synthesizing benzimidazole-based CSC-pincer type 
ligand precursors and complexes worked well, they were then extended to 
imidazolin-2-ylidene systems.  
2.2.1 Syntheses and characterizations 
Sulfur-bridged diimidazolium salts. The thioether bridged 
diimidazolium salts E2HBr and G2HBr can be synthesized from 
N-substituted imidazoles in a 2-step sequence in analogy to the 
dibenzimidazolium salts B2HBr and C2HBr (Scheme 2.4). The first step 
involved quaternation of 1-mesitylimidazole and 1-benzylimidazole with neat 
1,2-dibromoethane affording salts D and F in good yields of 83% and 88%, 
respectively. Similar to the purification of A, a small amount of 
ethylene-bridged diimidazolium salts formed in each case could be easily 
removed due to their insolubility in acetone and dichloromethane, respectively. 
Evaporation of the respective filtrates gave analytically pure salts D and F. 
Previous literature routes for D by reaction of 1-mesitylimidazole with (i) 4.4 
equiv of 1,2-dibromoethane in THF (23% yield),
62
 or (ii) 1-bromoethanol 
followed by treatment with PBr3 in a 2-step sequence (70% yield),
63
 gave 
significant lower yields. In addition to the downfield signals at 10.02 and 
10.16 ppm in 
1
H NMR spectra, respectively, two triplets corresponding to the 
two inequivalent methylene groups of the bromoethylene N-substituent in 
each case also support the formation of D and F. Their positive mode ESI 





Scheme 2.4. Synthesis of thioether bridged diimidazolium salts E2HBr and 
G2HBr. 
 
The syntheses of thioether-bridged ligand precursors E2HBr and G2HBr 
were achieved by treating two equiv of D and F with Na2S, which gave white 
powders in yields of 72% and 70%, respectively. Similar to B2HBr, the 
identity of E2HBr was supported by a base peak in the ESI mass spectrum at 
m/z = 230 for the molecular dication [M – 2Br]2+ and a less intense peak at m/z 
= 539 for the mono-cation [M – Br]+. Likewise, the formation of G2HBr was 
supported by the peaks at m/z = 202 for [M – 2Br]2+ and m/z = 485 for 
[M – Br]+. 
Pd(II) CSC-pincer imidazolin-2-ylidene complexes. Palladation of 
E2HBr was routinely carried out with Pd(OAc)2 in DMSO at elevated 
temperature (Scheme 2.5). The complex [PdBr(E-κ3CSC)]Br (5) was isolated 
as a yellow powder soluble in chlorinated solvents, MeOH, DMSO, and DMF, 
but insoluble in non-polar solvents such as diethyl ether and hexane. The 
successful palladation is supported by a base peak in the ESI mass spectrum at 
m/z = 645 assigned to the [M – Br]+ fragment. In addition, the disappearance 
of the NCHN signals in the 
1
H NMR spectrum characteristic for E2HBr also 
supports the successful deprotonation. The methylene groups of the bridge 
become diastereotopic upon complexation, giving rise to four 




The two o-methyl groups of the mesityl group also become inequivalent 
resonating as singlets at 2.08 and 1.99 ppm, respectively, indicating a hindered 
rotation of the mesityl ring in the complex. Likewise, the 
13
C NMR spectrum 
shows two o-methyl resonances with chemical shifts of 19.0 and 18.8 ppm. 
The carbene signal is observed at 166.3 ppm. 
 
 
Scheme 2.5. Synthesis of CSC pincer complexes 5, 6 and pseudo-pincer 
complex 7. Reaction conditions: a: Pd(OAc)2, DMSO, 80 °C; b: i) Ag2O, 
MeOH; ii) PdBr2(CH3CN)2, CH3CN; c: i) PdBr2, CH3CN; ii) Ag2O, CH3CN. 
 
However, neither ESI mass spectrometry nor NMR spectroscopy can 
provide sufficient evidence in determining whether 5 is indeed a cationic 
pincer complex. The most conclusive evidence comes from X-ray diffraction 
on single crystals obtained from a CH2Cl2 solution. The molecular structure of 
5 is depicted in Figure 2.6. The cationic CSC pincer complex 5 contains a 
square planar Pd(II) center coordinated by two NHC moieties, a thioether and 
a bromido ligand. The two carbene donors are trans to each other as a result of 
the pincer formation. The inter-NHC angle is 8.7(2)°, which is smaller than 
that in the analogous benzimidazolin-2-ylidene pincer complex 3 [15.6(3)°]. 
The dihedral angles between the NHC plane and the [PdC2SBr] coordination 
plane are 50.30(8)° and 54.90(8)°, respectively, which deviate substantially 




[2.3001(10) Å] is slightly shorter than that in the benzimidazole derived pincer 
[2.3078(18) Å]. The dihedral angle between the two mesityl planes amounts to 
44.7(1)°. The complex-cation is charge-balanced by a free bromide 
counter-anion. 
 
Figure 2.6. Molecular structure of pincer complex 5·CH2Cl2·2H2O showing 
50% probability ellipsoids; hydrogen atoms and the solvent molecules are 
omitted for clarity. Selected bond lengths (Å) and angles (°): Pd1-C1 2.029(4), 
Pd1-C15 2.025(4), Pd1-Br1 2.4233(4), Pd1-S1 2.3001(10), N1-C1 1.351(5), 
N2-C1 1.350(4), N3-C15 1.353(5), N4-C15 1.350(5); C1-Pd1-Br1 92.41(10), 
C1-Pd1-S1 90.56(11), C15-Pd1-S1 86.65(10), C15-Pd1-Br1 90.33(10), 
C1-Pd1-C15 177.18(14), S1-Pd1-Br1 174.50(3), N1-C1-N2 104.5(3), 
N3-C15-N4 104.9(3). PdC2SBr/NHC dihedral angle 50.30(8)°, 54.90(8)°; 
inter-NHC angle 8.7(2)°. 
 
The formation of cationic pincer 5 with a bromide counter-anion can be 
attributed to the bulky mesityl substituents, which enforce a trans 
configuration of the carbene donors. This in turn facilitates the coordination of 





In order to study the steric influence in more detail, diimidazolium salt 
G2HBr carrying less bulky and more flexible benzyl groups was subjected to 
complexation. However, the reaction with Pd(OAc)2 in DMSO at 80 °C did 
not proceed as expected, and resulted unexpectedly in a water soluble mixture. 
In addition, no evidence supporting the formation of an NHC complex was 
obtained by either ESI mass spectrometry or 
1
H NMR spectroscopy. 
The complex [PdBr(G-κ3CSC)]Br (6) was finally synthesized via 
Ag-transfer route,
22
 which has already been used for the preparation of 
thioether-functionalized NHC Pd(II) complexes.
40
 Thus salt G2HBr was 
treated with Ag2O in MeOH
‡
 followed by direct filtration of the resulting 
Ag-NHC mixture into an acetonitrile solution of [PdBr2(CH3CN)2] (Scheme 
2.5). Complex 6 was isolated as a yellow powder, which showed the same 
solubility properties as pincer complex 5. A base peak in its ESI mass 
spectrum at m/z = 589 assigned to the [M – Br]+ fragment supports the 
successful complexation. In the 
1
H NMR spectrum of 6, the benzylic protons 
become diastereotopic and resonate at 5.96 and 5.39 ppm, respectively. The 
methylene groups of the bridge adjacent to the nitrogen atoms give rise to one 
broad signal due to accidental overlap of supposedly diastereotopic signals. 
On the other hand, the diastereotopic methylene protons adjacent to the sulfur 
atom split into two signals at 3.52 and 3.14 ppm, respectively. The 
13
C 
resonance for the equivalent carbene donors appear at 164.6 ppm, which is 
comparable to that of pincer 5. 
X-ray diffraction analysis on suitable single crystals obtained from a 
concentrated methanol solution finally confirmed the identity of 6 also as a 
                                                        




CSC pincer analogous to 5, and its molcular structure is shown in Figure 2.7. 
The two carbene rings are almost co-planar with an interplane angle of only 
0.9(2)°, reflecting the rigidity of this structure. The Pd-S bond distance is 
identical to that in 5 within the 3 limit and the dihedral angles between NHC 
and the coordination plane with values of 55.1(1)° and 55.43(8)° are also very 
similar to those in 5. 
 
 
Figure 2.7. Molecular structure of pincer complex 6·2H2O showing 50% 
probability ellipsoids; hydrogen atoms and the solvent molecules are omitted 
for clarity. Selected bond lengths (Å) and angles (°): Pd1-C1 2.027(4), 
Pd1-C13 2.020(4), Pd1-Br1 2.4340(6), Pd1-S1 2.3032(11), N1-C1 1.353(5), 
N2-C1 1.350(5), N3-C13 1.362(5), N4-C13 1.355(6); C1-Pd1-Br1 90.29(12), 
C1-Pd1-S1 89.86(12), C13-Pd1-S1 88.62(12), Br1-Pd1-C13 90.98(11), 
C1-Pd1-C13 177.87(17), S1-Pd1-Br1 171.15(4), N1-C1-N2 104.4(4), 
N3-C13-N4 104.0(4). PdC2SBr/NHC dihedral angle 55.1(1)°, 55.43(8)°; 
inter-NHC angle 0.9(2)°. 
 
The straightforward formation of CSC pincer 6 from diimidazolium 
dibromide G2HBr requires further comments, since palladation of the direct 
dibenzimidazolium analogue resulted in a neutral cis-dibromido-dicarbene 




generally stronger donors than benzimidazole analogues,
16
 it appears that the 
donor strength of carbenes influences pincer versus pseudo-pincer formation. 
Stronger donating carbenes seem to favor pincer formation even in the 
presence of halide ions, whereas weaker carbenes prefer to form neutral 
pseudo-pincer complexes (vide infra). In the latter case, pincer formation can 
be enforced by using salt precursors with non- or weakly coordinating anions.
  
To further prove this concept, the synthesis of a Pd(II) complex bearing 
weakly donating 4,5-dichloroimidazolin-2-ylidenes was carried out (Scheme 
2.5).
§
 Based on our hypothesis, a pseudo-pincer complex was anticipated. 
Characterizations of complex 7 with NMR spectrometries and X-ray analysis 
confirmed that it is a trans-configured pseudo-pincer with a pendant thioether 
function. 
Scheme 2.6. Electronic redistribution resulting from Lewis acid-base 
complexation. 
 
These results suggest that the donor strength of the NHC moiety in 
CSC-type ligands indeed influences the coordination mode. At first sight it 
may seem contradicting that stronger donors would favor formation of cationic 
pincer complexes, whereas weaker donors lead to neutral pseudo-pincer 
complexes. It is generally accepted that coordination of an electron rich donor 
would lead to a net increase of electron density in the complex. However, it 
                                                        
§ Complex 7 was synthesized by my labmate Tang Haoyun, hence no detailed discussion on its synthesis 




has also been reported that the increased electron density is redistributed in the 
complex leading to “pile-up” of density at the donor atoms and “spillover” of 
density at the acceptor atoms.
64
 This statement is contradicting the common 
assumption that the net changes in formal charges remain localized on the 
donating and accepting atoms. As a result of this polarization, the bond of the 
Lewis acidic center and the peripheral atom (A-X) is enlongated, which may 
lead to ionization and generation of a cationic species (Scheme 2.6).  
In the present case, we propose that the polarization between carbenes and 
the Pd(II) center is enhanced with stronger carbene donors (e.g. in 5 and 6), 
which leads to an increase of electron density at the bromido ligands making 
them a better leaving group, and eventually rendering the Pd(II) center more 
Lewis acidic for the coordination of the thioether donor. With weaker NHC 
donors (e.g. in 7) such strong polarization is not possible, which results in a 
neutral pseudo-pincer complex. In other words, stronger donors stabilize 
cationic pincer complexes more efficiently than weaker donors. 
 
2.2.2 Catalytic studies in the hydroamination reaction 
Hydroamination is an important strategy to form C-N bonds, which is of 
great significance for organic synthesis.
65
 The direct addition of a primary or 
secondary amine to a double- or triple bond is a reaction of 100% atom 
efficiency, which is highly desirable and consistent with current development 
of “greener” methodologies. Unlike C-C coupling reactions, hydroamination is 
relatively less investigated. Furthermore, the utilization of NHC complexes to 
catalyze hydroamination reactions is a field worthy of exploration as only a 






and reports on Pd-NHC catalyzed hydroaminations are rare.
67
 Thus, the 
catalytic activities of 5-7 were examined in the intermolecular hydroamination 
reaction of phenylacetylene with various anilines, and the results are 
summarized in table 2.3. 
Complex 6 was first tested at 1 mol% loading in the reaction of 
phenylacetylene with 2,6-dimethylaniline in the presence of 10 mol% triflic 
acid as additive. A good yield of 87% was obtained (entry 1). When the 
amount of triflic acid was lowered to 5 mol%, the yield increased to 94% 
(entry 2). However, when no acid was added, only a trace of product was 
detected (entry 3). The addition of acid is essential in this case, because it 
probably removes the bromido ligand from 6 to create a vacant site for the 
binding of the substrate. 
Using these conditions, the addition of different anilines were screened 
with all three complexes. In all cases, complex 6 outperforms complexes 5 and 
7. For example, the reactions with 2,6-dimethylaniline gave only moderate 
yields of 55% and 53% for 5 and 7 (entry 2), whereas 6 afforded almost 
quantitative yield. A good yield of 75% was also achieved when the reaction 
of mesitylaniline and phenylacetylene was catalyzed by 6, while markedly 
lower yields of 43 and 53% were obtained for 5 and 7 (entry 4). The reaction 
with 2,6-diisopropylaniline generally gave lower yields, probably due to the 
enhanced steric bulk at the nitrogen atom (entry 5). Disappointingly, the 
reactions with 2,3-dimethylaniline, 2-methylaniline, and the parent aniline 
generally gave lower yields for all catalysts (entry 6, 7, 8) indicating that 






Table 2.3. Hydroamination reactions
a































43 75 53 
5 
 
39 58 42 
6 
 
26 48 35 
7 
 
22 51 28 
8 
 
23 30 20 
a
 Reaction conditions: 1.0 mmol of phenylacetylene; 0.5 mmol of aniline; 1 mL of 
toluene; 5 mol% of triflic acid; 1 mol% of [Pd]. 
b
 Yields were determined by GC-MS 
by using n-hexadecane as internal standard for an average of two runs. 
c
 With addition 
of 10 mol% of triflic acid. 
d










2.3 Syntheses of Pt(II) CSC-pincer imidazolin-2-ylidene 
complexes 
 Compared to intensively studied Pd NHC chemistry, less attention has 
been paid to the synthesis of Pt analogues.
68
 Even smaller is the number of 
NHC-based Pt pincer complexes. Moreover, except for one Pt SCS-pincer,
47b
 
all the reports focus on CNC systems.
69
 Hence it is of interest to synthesize Pt 
pincer complexes with the thioether function. 
 An initial attempt was carried out by reacting ligand precursor E2HBr 
with K2PtCl4 and Ag2O in MeOH and H2O mixture, which is adapted from a 
literature method.
69a
 However, halide scrambling occurred as products with 
either a bromido or chlorido ligand were detected with ESI mass spectrometry. 
To circumvent this problem, the ligand precursor was changed to E2HPF6 
which carries a less coordinating counter-anion. This reaction, however, still 
failed because substantial amount of starting materials remained unreacted, as 
evidenced by the 
1
H NMR spectrum. 
In search for suitable methods to synthesize CSC-pincer Pt(II) NHC 
complexes, ligand precursors E2HBr and G2HBr were treated with one 
equiv of PtBr2 in CH3CN (Scheme 2.7) and compounds 8 and 9 were isolated 
as orange precipitates, respectively. Both of them show poor solubility in 
common organic solvents except for DMF and DMSO. Since there were no 
bases in the reaction mixtures, the imidazole moieties remained intact, and 
thus no carbene complexes were expected. As both the sulfur atom and Pt(II) 
are soft, it is reasonable to propose that the former binds to the latter along 
with three bromido ligands in 8 and 9.
41,42
 As expected, 
1




the downfield signals at 9.61 and 9.38 ppm for the NCHN protons, 
respectively. Moreover, all the peaks are in general similar to those of the 
precursors except for slight upfield shifts. Base peaks at m/z = 895 and 839 
corresponding to the [M – Br]+ fragments were observed in positive ESI mass 
spectra, respectively.  
 
 




 8 and 9 were subsequently treated with Ag2O to generate carbene 
complexes [PtBr(E-3CSC)]Br (10) and [PtBr(G-3CSC)]Br (11), respectively 
(Scheme 2.6). Excess Ag2O (1.5 equiv) and relatively high temperature 
(100 °C in CH3CN) were required to achieve full conversion of 8 to 10. Even 
harsher conditions (2.0 equiv of Ag2O, 48 h reaction time) were necessary 
form 11, which is in line with the reduced acidities of NCHN protons of 
G2HBr as a result of changing the substituent from mesityl to benzyl group. 
Complex 10 was isolated as a white powder while 11 is brownish yellow. Both 
of them are soluble in CH3CN, DMF, and DMSO, slightly soluble in 
chlorinated solvents, while insoluble in non-polar solvents like diethyl ether 
and hexane. In the 
1
H NMR spectra of 10 and 11, the absence of the downfield 
NHCN signals indicates the successful deprotonation. As a result of the 
                                                        




complex formation, the protons of the bridges become diastereotopic and give 
rise to four pseudo-doublets/triplets in the range of 4.70-3.10 ppm in each case. 
The benzylic protons of complex 11 also resonate as two doublets centered at 
6.05 and 5.32 ppm, respectively, with the geminal coupling constants of 14.8 
Hz. Similar to the Pd(II) analogue 5, two signals corresponding to the o-CH3 




C NMR spectra 
of complex 10, due to the rigid pincer configuration. The 
13
C NMR chemical 
shifts for the carbene carbon atoms are 160.2 and 159.6 ppm, respectively, 
which are comparable with the data of reported Pt pincer complexes.
69
 In the 
positive ESI mass spectrum, a predominate signal at m/z = 733 with the 
expected isotopic pattern (Figure 2.8) is assigned to the complex fragment. 
Similarly, a signal at m/z = 677 was observed in the positive ESI mass 
spectrum of 11. Attempts were carried out to obtain single crystals of either 10 
or 11 for X-ray analysis, but to no avail.  
 
 
Figure 2.8. Isotopic pattern of the [M – Br]+ fragment (left) of 10 in the 





Chapter 3. Palladium(II), nickel(II), and platinum(II)  
complexes with thiolato-functionalized NHC ligands 
 
3.1 Pd(II) thiolato-functionalized benzimidazolin-2-ylidene 
complexes 
3.1.1 Syntheses and characterizations 
 Sulfur-functionalized benzimidazolium salts. Nucleophilic substitution 
of 1-benzyl-3-(2-bromoethyl)-benzimidazolium bromide A with 1.2 equiv of 
KSCOCH3 in CH3CN afforded the thioester-functionalized benzimidazolium 
salt HAcHBr in a yield of 75% (Scheme 3.1). 
 
 
Scheme 3.1. Synthesis of sulfur-functionalized salts HAcHBr and HH2Br. 
 
 The formation of the ligand precursor HAcHBr is supported by a base 
peak in the ESI mass spectrum at m/z = 311 for the molecular cation [M – Br]+. 
Moreover, the 
1
H NMR spectrum in DMSO-d6 of HAcHBr shows two triplets 
at 4.75 and 3.44 ppm assignable to the two inequivalent CH2 groups in the 
ethylene chain of the N-substituent and a singlet at 2.27 ppm corresponding to 
the methyl-thioester protons. Compared to precursor A, the signals for the 




less electron-withdrawing thioester group. The 
13
C NMR spectrum of 
HAcHBr shows signals for the procarbene and carbonyl carbon atoms at 
142.7 and 194.7 ppm, respectively. 
 The thioester group of HAcHBr was easily hydrolyzed by aqueous HBr 
to form the thiol-functionalized salt HH2Br (Scheme 3.1). In the 
1
H NMR 
spectrum of salt HH2Br in CD3CN, the absence of the singlet assignable to 
the methyl-thioester group of HAcHBr and the appearance of a new signal at 
2.72 ppm for the free thiol-function corroborate the successful hydrolysis. 
Furthermore, a base peak in the ESI mass spectrum at m/z = 269 for the 
molecular cation [M – Br]+ also supports the formation of HH2Br.
††
 
 The thiolato-bridged dimeric Pd(II) complex. The reaction of 
thiol-functionalized salt HH2Br with one equiv of Pd(OAc)2 in degassed 
CH3CN under reflux overnight yielded the thiolato-bridged dimeric Pd(II) 
benzimidazolin-2-ylidene complex [PdBr(H-2C,µ-S)]2 (12) in a good yield of 
76% (Scheme 3.2, Method 1). In this case, the solvent CH3CN was chosen 
over the commonly used DMSO to avoid oxidation of the free thiol function to 
disulfide. Complex 12 is insoluble in CH3CN and can be readily isolated by a 
filtration. 
 More straightforwardly, it was found that the direct reaction of thioester 
salt HAcHBr with one equiv of Pd(OAc)2 in DMSO at 80 C overnight also 
yielded complex 12 in a similar yield of 74% (Scheme 3.2, Method 2). 
Isolation of 12 from this reaction is also easy involving only a simple filtration 
step due to its low solubility in DMSO. Column chromatography of the 
                                                        
†† In addition, a strong peak at m/z = 617 was observed, which can be assigned to the oxidized disulfide 




saturated filtrate afforded a second crop of the yellow product. Apparently, the 
methyl-thioester-function undergoes in situ hydrolysis probably assisted by 
free HOAc liberated from the deprotonation of HAcHBr with Pd(OAc)2. The 
resulting thiolate coordinates to the Pd(II) center, and subsequent dimerization 
affords the desired thiolato-bridged Pd(II) carbene complex 12. Alternatively, 
the hydrolysis may be facilitated by the coordination of the thioester group to 
the Pd(II) center. In this reaction, the thioester-function acts as a 
thiol-protecting group simplifying the synthesis of thiolato-complexes to a 
great extent. Method 2 is preferred over method 1 since it shortens the reaction 




Scheme 3.2. Two synthetic pathways to complex 12. 
 
 Complex 12 is soluble in CH2Cl2, CHCl3, DMSO, and DMF, but insoluble 
in less polar solvents such as hexane and diethyl ether. Its formation is 




for the [M – Br]+ complex fragment. In the 1H NMR spectrum, the benzylic 
protons become diastereotopic upon complexation and resonate as two 
doublets centered at 6.63 and 5.58 ppm, respectively, with a coupling constant 
of 
2
J(H-H) = 15.6 Hz. All four methylene protons of each ethylthiolato bridge 
are also diastereotopic, but give rise to two pseudo-doublets and two 
pseudo-triplets ranging from 4.88 to 2.10 ppm due to insufficient resolution 
and accidental overlap (Figure 3.1). In the 
13
C NMR spectrum, the two 





H NMR spectrum of 12 in the range of 7.10-1.70 ppm. The peaks 
marked with * correspond to solvents. 
 
 Single crystals of 12 were grown from CH2Cl2, and the molecular 







Figure 3.2. Molecular structure of 12 showing 50% probability ellipsoids 
(upper: top view; lower: side view). Hydrogen atoms and one part of the 
disordered phenyl ring are omitted for clarity. The phenyl rings of the benzyl 
substituents have been omitted in the side view for clarity as well. Selected 
bond lengths [Å] and bond angles [deg]: Pd1-C1 1.977(4), Pd1-S1 2.2952(11), 
Pd1-S2 2.3705(10), Pd1-Br1 2.4401(5), Pd2-C17 1.997(4), Pd2-S2 2.2941(10), 
Pd2-S1 2.3721(10), Pd2-Br2 2.4652(5); C1-Pd1-S1 91.17(11), S1-Pd1-S2 
80.32(4), S2-Pd1-Br1 97.46(3), Br1-Pd1-C1 91.44(11), C1-Pd1-S2 170.93(11), 
S1-Pd1-Br1 170.26(3), C17-Pd2-S2 90.75(12), S2-Pd2-S1 80.31(4), 
S1-Pd2-Br2 96.33(3), Br2-Pd2-C17 92.65(11), C17-Pd2-S1 171.01(12), 
S2-Pd2-Br2 171.21(3), Pd1-S1-Pd2 82.49(3), Pd1-S2-Pd2 82.55(3). 
PdCS2Br/NHC dihedral angle 55.07(9)°, 54.21(9)°. 
 
 The two Pd(II) centers are coordinated and bridged by two 
µ-thiolato-functionalized carbene ligands in a chelating fashion. The 
square-planar coordination sphere at each Pd(II) is completed by one terminal 
bromido ligand. The dihedral angles between this [PdCS2Br] coordination 
plane and the carbene ring planes amount to 55.07(9)° and 54.21(9)°, 
respectively, which deviate substantially from the favored perpendicular 
orientation (90°) due to the chelating binding mode of the S-functionalized 




the Pd1-S2 bond [2.3705(10) Å] trans to the carbene is significantly longer 
than the Pd1-S1 bond [2.2952(11) Å] trans to the bromido ligand due to the 
strong trans influence of the NHC. The [Pd2S2] core of 12 is significantly bent 
with a hinge angle of ca. 119.26(3), which is much smaller than the reported 
value of 144.7(2) for a similar, but dicationic dimeric complex bearing 
S-functionalized saturated NHCs and terminal phosphine ligands.
48a 
 
3.1.2 Reactivity studies 
 In order to investigate the robustness of the [Pd2S2] core, attempts were 
made to abstract the bromido ligands, to alkylate or oxidise the 
thiolato-bridges of 12.  
 
 
Scheme 3.3. Reactivity study of complex 12 with AgO2CCF3. 
 
 Reaction with Ag-carboxylate. The metathesis reaction of mixed 
halo/NHC Pd(II) complexes with Ag-carboxylates is an established method to 
synthesize mixed carboxylato-carbene complexes as potentially useful catalyst 
precursors.
70
 However, this methodology has not been extended to 
sulfur-functionalized NHCs due to the potential interaction of the soft sulfur 
donor with the soft Ag(I) ion, which would compete with the desired halide 




reduces the number of lone-pairs available at sulfur, which may prevent or 
lower the interference with silver. To test this hypothesis, complex 12 was 
reacted with 2 equiv of AgO2CCF3 in CH3CN as depicted in Scheme 3.3. 
Indeed, this reaction cleanly afforded the dinuclear, mixed 
carbene-carboxylato Pd(II) complex [Pd(O2CCF3)(H-
2
C,µ-S)]2 (13) in 
quantitative yield without affecting the [Pd2S2] core. The reaction mixture, 
initially a yellow suspension, turned greenish-yellow with the precipitation of 
AgBr after stirring overnight. Complex 13 shows an improved solubility as 
compared to its precursor complex 12, which is a common phenomenon 
observed for mixed carbene-carboxylato Pd(II) complexes.
70
 It is soluble in 
most organic solvents, with the exception of hexane. In the 
13
C NMR spectrum, 
the resonance for the Ccarbene in 13 amounts to 171.4 ppm, which is shifted 
upfield due to the stronger shielding effect of the trifluoroacetato ligand 
compared to that of the bromido ligand in the precursor 12. Furthermore, the 
identity of 13 was also supported by a base peak in the positive ESI mass 
spectrum at m/z = 861 for the mono-cation [M – O2CCF3]
+
 and a less intense 
peak at m/z = 373 for the dication [M – 2 O2CCF3]
2+
 due to stepwise loss of 
trifluoroacetato ligands. 
Single crystals of 13 suitable for X-ray diffraction analysis were grown 
from a concentrated CH2Cl2 solution. There are two independent molecules of 
complex 13 in the unit cell. Due to the similarities, the parameters of only one 
molecule of 13 are discussed. Its molecular structure depicted in Figure 3.3 
shows the successful replacement of the bromido ligands in 12 by 
monodentate trifluoroacetato ligands. The dihedral angles between the carbene 




45.1(1) and 49.7(1) compared to those in the precursor 12. The Pd-O bond 
distances of 2.080(3) Å are well comparable with reported values for other 
mixed Pd-carboxylato/NHC complexes.
70a-d
 More important, the 
halo-carboxylato exchange leads to a notable shortening of the trans-disposed 
Pd-S bonds to 2.2754(11) and 2.2689(11) Å, respectively. Presumably, this 
ligand substitution leads to more Lewis acidic metal centers, which in turn 
results in a higher electron donation of the thiolato functions and consequently 
strengthening of the Pd-S bonds. The stronger binding of the thiolato donors 
may also explain the aforementioned decrease in dihedral angles. Other 
parameters including the hinge angle [117.89(4)°] remain largely unaffected. 
 
 
Figure 3.3. Molecular structure of one independent molecule of 13·CH2Cl2 
showing 50% probability ellipsoids; hydrogen atoms and the CH2Cl2 
molecules are omitted for clarity. Selected bond lengths [Å] and bond angles 
[deg]: Pd1-C1 1.988(4), Pd1-S1 2.2754(11), Pd1-S2 2.3611(11), Pd1-O1 
2.080(3), Pd2-C19 1.980(4), Pd2-S2 2.2689(11), Pd2-S1 2.3709(11), Pd2-O3 
2.080(3); C1-Pd1-S1 91.52(12), S1-Pd1-S2 81.23(4), S2-Pd1-O1 94.42(9), 
O1-Pd1-C1 92.67(14), C1-Pd1-S2 172.39(12), S1-Pd1-O1 174.44(9), 
C19-Pd2-S2 90.06(13), S2-Pd2-S1 81.15(4), S1-Pd2-O3 94.96(9), 
O3-Pd2-C19 93.72(15), C19-Pd2-S1 170.95(13), S2-Pd2-O3 175.26(9), 






Reactions with alkylating reagents. The successful S-alkylation of 
thiolato-bridged complexes of type 12 would allow for a convenient 
template-directed synthesis of thioether-functionalized NHC complexes. Thus, 
a series of electrophiles, including iodomethane and dimethylsulfate, has been 
used in an attempt to alkylate the sulfur atoms of dimer 12, however to no 
avail, and only starting materials were re-isolated. Again the lower electron 
density at the sulfur atoms as a result of the bridging mode may be the reason 
that prevents their alkylation. Unexpectedly, the reaction of 12 with an excess 
of the strong alkylating agent Me3OBF4 led to the formation of the novel 
tetranuclear complex [Pd4Br2(H-
2
C,µ-S)4](2BF4) (14) (Scheme 3.4). 
Apparently, electrophilic attack occurred preferably at the bromido ligand, 
supposedly liberating CH3Br and resulting in a rearrangement of the 
unsaturated complex fragments to tetranuclear 14. 
 
 
Scheme 3.4. Reactivity study of complex 12 with Me3OBF4. 
 
To verify the unusual role of Me3OBF4 as a halide-abstracting agent, 12 
was treated with one equiv of AgBF4. Indeed, this reaction furnished complex 




metal-free alternative to the commonly used Ag- and toxic Tl-based reagents. 
A dicationic base peak at m/z = 827 corresponding to the [M – 2BF4]
2+
 
fragment in the ESI spectrum confirms the formation of 14. Its 
1
H NMR 
spectrum shows a complicated pattern consisting of eleven signals for all 
methylene groups indicating the presence of inequivalent chelating 
thiolato-NHC ligands in the complex. In line with this proposal, two carbene 
peaks appear in the 
13
C NMR spectrum at 168.1 and 166.0 ppm, respectively. 
The solid state molecular structure of 14 was finally confirmed by X-ray 
diffraction analysis on single crystals obtained by diffusing diethyl ether into a 
concentrated DMF solution (Figure 3.4).  
 
 
Figure 3.4. Molecular structure of 14·2DMF·O showing 50% probability 
ellipsoids; hydrogen atoms, BF4
-
 counter-anions, DMF molecules, H2O 
molecules and phenyl rings are omitted for clarity. Selected bond lengths [Å] 
and bond angles [deg]: Pd1-C1 1.956(12), Pd1-S2A 2.334(4), Pd1-Br3 
2.5382(15), Pd1-S1 2.321(4), Pd2-S1 2.318(3), Pd2-Br3 2.5268(16), Pd2-S2 
2.350(4), Pd2-C11 1.986(13); C1-Pd1-S1 90.5(4), C1-Pd1-S2A 91.6(4), 
S2A-Pd1-Br3 94.60(9), Br3-Pd1-S1 83.26(9), Br3-Pd2-S1 83.58(9), 
Br3-Pd2-S2 94.79(10), S2-Pd2-C11 88.5(4), C11-Pd2-S1 93.9(4), 
Pd1-Br3-Pd2 76.48(4), Pd1-S1-Pd2 85.02(12), Pd1-S2A-Pd2A 103.31(13). 




 Each of the four Pd(II) centers is coordinated by one carbene, one 
µ-bromido and two µ-thiolato ligands in a square planar fashion. As found in 
solution, there are two types of thiolato-NHC ligands in the molecule. The 
removal of one bromido ligand in 12 leads to the cleavage of one Pd-S bond 
and subsequent rearrangement/aggregation to form tetrameric 14. 
An interesting feature of complex 14 is an 8-membered square consisting 
of alternating four palladium and four sulfur atoms with dimensions of 
4.653(5) Å  4.662(5) Å. The sulfur atoms form the corners of this [Pd4S4] 
macrocycle, which resembles a Pd4-system bearing remote dicarbene ligands 
reported recently.
71
 Two carbene-moieties are each found above and below 
the plane spanned by this square. As a consequence the two bridging bromido 
ligands trans to these carbenes are found on opposite sides. The presence of 
two pairs of inequivalent carbenes is reflected in the significant different 
orientation of their ring planes with respect to the [PdCS2Br] coordination 
plane [56.6(4)° and 51.0(3)°] and the [Pd4S4] macrocyclic planes [59.5(3) and 
55.1(4)]. The Pd-Br bonds of 2.5382(15) and 2.5268(16) Å, respectively, are 
as expected elongated compared to those in 12 [2.4401(5) and 2.4652(5) Å] 
since the -bromido ligands experience the trans influence of two carbenes. 
Reactions with oxidants. The oxidation of the thiolato-bridges of 12 may 
lead to the formation of a dinuclear or mononuclear complex bearing sulfur 
donors of higher oxidation states, e.g., sulfoxide, sulfone, and sulfonate. 
Previous study showed that thioether B2HBr was easily oxidized to sulfoxide 
C2HBr by 3 equiv of H2O2 in acetic acid at ambient temperature (see section 




reaction mixture homogeneous. However, it remained intact below 70 C and 
started to decompose to palladium black at higher temperature. Similar to the 
aforementioned alkylation, the fact that 12 is resistant to oxidation by H2O2 
can also be ascribed to the lower electron density at the sulfur atoms. 
 
 
Scheme 3.5. Reactivity study of complex 12 with oxone. 
 
The thiolato-function of complex 12 was finally oxidized by 3 equiv of 
oxone to sulfonate in DMF and H2O mixture in the presence of excess KBr at 
ambient temperature (Scheme 3.5). In comparison, the reaction did not even 
occur in boiling CH2Cl2 which does not dissolve oxone. The negative ESI 
mass spectrum of the product X shows a predominant signal at m/z = 581 
corresponding to the complex fragment bearing a sulfonate group (Figure 3.5). 
However, complete understanding of X could not be achieved as the cation 
was not identified although X-ray analysis on single crystals was carried out. 





Figure 3.5. Isotopic pattern of the fragment from X in the negative ESI mass 
spectrum (left) and simulated pattern (right). 
 
Cation exchange was carried out by mixing X with salts, e.g., 
bis(triphenylphosphine)iminium chloride (PPNCl), and [N(n-Bu)4]Br. 
However, although both 
1
H NMR and ESI mass spectra show the presence of 
these cations, the new compounds were not crystallizable, which hampered 
their crystallographic characterization. The reaction was further modified by 
replacing KBr in the original condition with [N(n-Bu)4]Br, NH4Br or NMe4Br. 
Only the reaction with NMe4Br gave rise to complex 
[PdBr2(H-O3)(NCCH3)]NMe4 (15) that was crystallized (Scheme 3.5).  
Complex 15 was isolated in a good yield of 86% by dissolving the crude 
product with CH3CN to remove starting material 12 and inorganic salts. It is a 
yellow powder which is soluble in DMF, CH3CN and DMSO, slightly soluble 
in H2O but insoluble in diethyl ether and hexane. The negative ESI mass 
spectrum of 15 is identical with the one of X. The 
1
H NMR spectrum in 
CD3CN shows a singlet resonating at 6.03 ppm, corresponding to the benzylic 
protons. Two multiplets centered at 5.10 and 3.32 ppm are assigned to two 
methylene groups of the tether. All three signals do not have the diastereotopic 
patterns of 12, implying a dangling sulfonate-moiety. A singlet at 3.10 ppm 
attributed to NMe4
+




cation. Moreover, a triplet corresponding to it was observed at 56.0 ppm in the 
13
C NMR spectrum due to the coupling with the NMR active 
14
N nucleus. The 
carbene carbon atom resonates at 161.4 ppm, which is shifted upfield in 
comparison to that of 12.  
The identity of 15 was finally confirmed by X-ray analysis on single 
crystals obtained from diffusion of diethyl ether into a concentrated CH3CN 
solution. The molecular structure depicted in Figure 3.6 shows that the Pd(II) 
center is coordinated by one carbene carrying a pendant sulfonate function and 
two bromido ligands trans to each other. The fourth coordination site is taken 
up by a CH3CN molecule from the solvent used for crystallization. The 
negative charge of the complex is balanced by a NMe4
+
 counter-cation. The 
Pd(II) center adopts a slightly distorted square planar geometry. The dihedral 
angle between the [PdCNBr2] coordination plane and the carbene plane is 
89.1(1)°.  
Based on the structure of 15, it is conceived that the reaction started with 
the oxidation of the thiolato-functions of 12 to sulfonate groups, which do not 
coordinate to Pd(II). This possibly gave rise to the dimeric species X1 
(Scheme 3.5), which was easily cleaved by CH3CN to yield complex 15. Since 
CH3CN is a labile ligand that can be readily replaced, 15 was stirred in diethyl 
ether to form back dimer X1.
72
 This reaction yielded a yellow powder 
insoluble in polar non-coordinating solvent, e.g., CH2Cl2 and CHCl3, which 
makes its characterization by NMR spectrometry difficult. Probably its poor 





Figure 3.6. Molecular structure of 15 showing 50% probability ellipsoids; 
hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and bond 
angles [deg]: Pd1-C1 1.959(4), Pd1-Br1 2.4295(11), Pd1-N3 2.099(3), 
Pd1-Br2 2.4210(10); C1-Pd1-Br1 89.18(11), C1-Pd1-Br2 87.74(11), 
Br1-Pd1-N3 92.35(10), Br2-Pd1-N3 90.70(10), C1-Pd1-N3 178.33(15), 
Br1-Pd1-Br2 175.95(2). PdCNBr2/NHC dihedral angle 89.1(1)°. 
 
3.1.3 Catalytic studies in Suzuki-Miyaura couplings 
Despite often being regarded as catalyst poisons,
73
 sulfur containing 
compounds have become versatile donors in transition metal chemistry. 
Nevertheless, some complexes of thioether-functionalized phosphite, 










 and Mizoroki-Heck reactions (see section 2.1.2). More 
recently, dimeric phosphino-thiolato Pd(II) complexes were also reported to be 
highly active in the catalytic Suzuki-Miyaura coupling reaction at low catalyst 
loading.
77
 For example, using 0.001 mol% catalyst, 91% yield was achieved 
with 4-bromoacetophenone and phenylboronic acid in dioxane at 140 C in the 




tested for its catalytic activity under the same reaction conditions affording 
quantitative yield (Table 3.1, entry 1) and showing the superiority of NHC 
complex 12 over its phosphine analogue. Further investigation revealed that 
the temperature can be lowered to 120 C (entry 2) and even to 100 C without 
compromising the yield when the reaction time was prolonged to 22 h (entry 
3). 
 
Table 3.1. Suzuki-Miyaura coupling reactions
a













1 12 140 dioxane 6 >99 100,000 16667 
2 12 120 dioxane 6 >99 100,000 16667 
3 12 100 dioxane 22 >99 100,000 4545 
4 12 100 H2O 22 >99 100,000 4545 
5 12 80 dioxane 24 48 48,000 2000 
6 12 80 H2O 24 >99 100,000 4167 
7 12 60 dioxane 24 0 0 0 
8 12 60 H2O 24 84 84,000 3500 
9 12 40 H2O 48 4 4,000 83 
10 13 60 H2O 24 >99 100,000 4167 
11 14
c
 60 H2O 24 48 96,000 4000 
a 
Reaction conditions: 1 mmol of 4-bromoacetophenone; 1.4 mmol of phenylboronic 
acid; 1.4 mmol of K2CO3; 1 mL of solvent; 0.001 mol% of precatalyst. 
b
 Yields were 
determined by 
1
H NMR spectroscopy for an average of two runs. 
c
 0.0005 mol% of 
14. 
 
In view that water has been reported to be beneficial for the 
Suzuki-Miyaura coupling reaction,
78
 we also tested its suitability as an 
environmentally benign solvent. Indeed, the coupling at 100 C gave 
quantitative yield (entry 4). At a lower temperature of 80 C, H2O proves to be 
a superior solvent as the yield remained quantitative (entry 6), while a drop to 




decreased to 60 C, no coupling reaction was detected in dioxane (entry 7), 
while a good yield of 84% was still obtained in H2O (entry 8). At temperatures 
below 60 C, the yield dropped dramatically in H2O as well (entry 9). 
A comparative study on the activities of all three thiolato-NHC complexes 
12-14 (entries 8, 10, 11) under this mild reaction condition revealed that 13 is 
the best precatalyst. Apparently, the replacement of the bromido ligands in 12 
with more labile trifluoroacetato ligands results in enhanced activities of 13.
70 
The lability of such ligands allows an easier ligand displacement, which in 
turn facilitates the formation of catalytically active species, and thus, promotes 
catalyst initiation. The poor performance of the higher aggregate 14, on the 
other hand, is probably due to the strongly bridging bromido and thiolato 
ligands hampering the formation of active Pd(0) species. 
Having identified the best precatalyst 13, a more detailed kinetic study 
was carried out on the coupling of 4-bromoacetophenone and phenylboronic 
acid at 0.001 mol% catalyst loading (Figure 3.7) to gain more insights into its 
catalytic behavior. The concentration/time profile shows that the reaction rate 
is rather low during a long period of about 22 h, after which the reaction 
exponentially completes within 2 h. Although the exact reason for the sluggish 
reaction at the beginning is not known yet, it may be due to a complicated 
dimer-monomer equilibrium
77,79
 prior to catalyst initiation. Furthermore, the 
shape of the reaction profile suggests the involvement of various catalytically 
active species prior to the formation of the most active catalyst. It is 
commonly agreed that catalytically active species are generally monomeric,
79
 
which would also indirectly explain the poor performance observed for the 




tetramer-monomer dissociation is greatly hampered due to multiple strong 
bridging ligands. 
 















Figure 3.7. Concentration/time diagram [yield (%), time (h)] for the 
Suzuki-Miyaura coupling reaction of 4-bromoacetophenone and 
phenylboronic acid catalyzed by 13. 
 
To further test its efficiency, precatalyst 13 was subjected to the coupling 
of other aryl halides in pure water, and the results are summarized in Table 3.2. 
Generally, complex 13 showed good activities with activated bromo-substrates 
(entries 1-3) at low loading (0.001 mol%) and under mild reaction conditions 
(60 C or 80 C). The coupling of 2 equiv of phenylboronic acid with 
2,6-dibromopyridine was equally successful giving quantitative yield (entry 4). 
For deactivated aryl bromides, the catalyst load and temperature were raised to 
0.0025 mol% and 100 C, respectively, to obtain good yields (entries 5-7). The 
catalyst, however, shows its limitation in the coupling with aryl chlorides. The 
best yield of 41% was obtained when 0.1 mol% of 13 was employed in the 




Table 3.2. Suzuki-Miyaura coupling reactions
a
 catalyzed by complex 13. 
 
 





















2 1-bromo-4-nitrobenzene 0.001 60 42 90 90,000 2143 






 0.0025 100 48 >99 20,000 417 
5 4-bromotoluene 0.0025 100 20 97 38,800 1940 
6 4-bromoanisole 0.0025 100 24 86 34,400 1433 
7 1-bromo-4-chlorobenzene 0.0025 100 24 72
d
 28,800 1200 
8 4-chlorobenzaldehyde 0.1 100 72 41
e
 410 5.7 
a 
Reaction conditions: 1 mmol of aryl halide; 1.4 mmol of phenylboronic acid; 1.4 
mmol of K2CO3; 1 mL of H2O; the desired amount of precatalyst. 
b
 Yields were 
determined by 
1
H NMR spectroscopy for an average of two runs. 
c
 0.5 mmol of 
2,6-dibromopyridine. 
d
 isolated yield. 
e
 With addition of 1.0 equiv of [N(n-Bu)4]Br.  
 
3.2 Pd(II) thiolato-functionalized imidazolin-2-ylidene 
complexes 
3.2.1 Syntheses and characterizations 
The thioester-functionalized imidazolium salt. Similar to the synthesis 
of HAcHBr carrying a thioester function, imidazolium analogue JAcHBr 
was obtained as a brown oil from the reaction of D with 1.2 equiv of 
KSCOCH3 (Scheme 3.6). A base peak in the ESI mass spectrum at m/z = 289 
for the [M – Br]+ cation indicates the formation of JAcHBr. Compared to its 
precursor D, an upfield shift of the signal for the -methylene protons from 








Scheme 3.6. Synthesis of thioester-functionalized imidazolium salt JAcHBr. 
 
Thiolato-bridged dimeric Pd(II) imidazolin-2-ylidene complexes. 
Palladation by treating salt JAcHBr with one equiv of Pd(OAc)2 in DMSO at 
80 C overnight afforded a mixture of thiolato-bridged dinuclear [Pd2S2] 
carbene complexes in an overall yield >72% (Scheme 3.7). The formation of 
the thiolato-donor occurs through in situ hydrolysis of the 
methyl-thioester-function, which is similar to the formation of 12.  
 
 
Scheme 3.7. Synthesis of dinuclear Pd2S2 complexes 16 and 17. 
 
The expected dimeric complex [PdBr(J-2C,µ-S)]2 (16) was obtained in a 
yield of 44% after purification by column chromatography as a yellow powder, 
soluble in CH2Cl2, CHCl3, acetone, DMSO, and DMF, but insoluble in less 
polar solvents such as hexane and diethyl ether. Its formation was confirmed 
by 
1




Upon complex formation, the protons of the methylene group adjacent to the 
nitrogen become diastereotopic with chemical shifts of 4.44 and 4.32 ppm. 
Likewise, the methylene protons of the bridge adjacent to the sulfur also give 
rise to two diastereotopic signals at 3.66 and 1.93 ppm. The carbene carbon 
resonates at 163.8 ppm in the 
13
C NMR spectrum, which is as expected more 
highfield than that of similar compounds bearing saturated
48
 or benzannulated 
NHCs (cf. complex 12). A peak in the ESI mass spectrum at m/z = 782 for the 
mono-cation [M – Br]+ also supports the formation of 16. 
Besides the expected product 16, its interesting constitutional isomer 
[Pd2Br2(J-
2
C,µ-S)(J’-2C,µ-S)] (17) bearing one imidazolin-2-ylidene and 
one mesoionic imidazolin-4-ylidene ligand was isolated in a yield of 28% 
(Scheme 3.7). Compared to 16, the two NHCs in 17 adopt different 
coordination modes: one is bound to the Pd center via C(2) (normal bonding 
mode), while the other one coordinates via C(4) (mesoionic or abnormal 
bonding mode). The formation of the mesoionic carbene by competing 
deprotonation at C(4) probably helps to reduce the steric congestion caused by 








Figure 3.8. Comparison of aromatic signals of 
1
H NMR spectra of 16 and 17. 
The peaks marked with * correspond to solvents and the one with # is due to 
the impurity.  
 
As direct isomers, complex 16 and 17 cannot be differentiated by mass 
spectrometry. On the other hand, the formation of 17 is evidenced by NMR 
spectroscopy, which reveals distinct differences to complex 16. Due to the 





C NMR spectra are more complicated and exhibit twice 
the number of signals compared to those of its isomer 16. More importantly, a 
sharp signal for the NCHN proton of the mesoionic carbene is still observed 
downfield at 8.90 ppm in the 
1
H NMR spectrum (Figure 3.8). In the 
13
C NMR 
spectrum, two downfield signals are observed for the two inequivalent carbene 
donor atoms.
17
 The more downfield resonance at 162.9 ppm is attributed to the 
normal C(2) carbene carbon, while that at 139.8 ppm is assigned to the 
mesoionic C(4) carbene carbon. Attempts to interconvert 16 into 17 by heating 
and addition of excess base were met with no success and only led to 
intractable decomposition products.
17 




bearing two mesoionic carbenes was not observed. 
 
 
Figure 3.9. Molecular structure of 16·C3H6O showing 50% probability 
ellipsoids; hydrogen atoms and the acetone molecule are omitted for clarity. 
Selected bond lengths [Å] and bond angles []: Pd1-C1 1.980(5), Pd1-S1 
2.2887(12), Pd1-S2 2.3691(12), Pd1-Br1 2.4472(7), Pd2-C15 1.973(5), 
Pd2-S2 2.2944(12), Pd2-S1 2.3642(13), Pd2-Br2 2.4340(7); C1-Pd1-S1 
89.17(13), S1-Pd1-S2 81.05(4), S2-Pd1-Br1 97.36(3), Br1-Pd1-C1 92.49(13), 
C1-Pd1-S2 170.15(13), S1-Pd1-Br1 172.10(4), C15-Pd2-S2 89.72(13), 
S2-Pd2-S1 81.04(4), S1-Pd2-Br2 96.58(4), Br2-Pd2-C15 92.95(13), 
C15-Pd2-S1 170.37(13), S2-Pd2-Br2 171.50(4), Pd1-S1-Pd2 82.52(4), 
Pd1-S2-Pd2 82.29(4). PdCS2Br/NHC dihedral angle 54.1(1)°, 57.8(1)°. 
 
Single crystals of 16·C3H6O and 17·2CH2Cl2 were grown from a 
concentrated acetone and CH2Cl2 solution, respectively, and their molecular 
structures are depicted in Figures 3.9 and 3.10. In complex 16, each of the two 
Pd(II) centers is bound to one carbene, one bromido and two µ-thiolato ligands 
in a square planar fashion. The dihedral angles between the two [PdCS2Br] 
coordination planes and the carbene ring planes amount to 54.1(1)° and 
57.8(1)°, respectively, which are substantially smaller than the ideal 90° 
expected for a monodentate NHC ligand due to the chelation through the 
thiolato function. The Pd1-S2 [2.3691(12) Å] and Pd2-S1 [2.3642(13) Å] 




[2.2887(12) Å] and Pd2-S2 [2.2944(12) Å] bonds trans to the bromido ligands 
due to the strong trans influence of the NHC. As observed for the 
benzimidazolin-2-ylidene analogue 12, the [Pd2S2] core of 16 is significantly 
bent with a hinge angle of ca. 120.10(4). 
The molecular structure of 17·2CH2Cl2 shown in Figure 3.10 
unambiguously confirmed the structure suggested by NMR spectra, which 
shows that one carbene ligand is bound to the palladium via the C(2) carbon 
while the other ligand is bound through the C(4) carbon. To the best of our 
knowledge, complex 17 is the first example of a dinuclear complex, in which a 
normal NHC and its mesoionic isomer are coordinating two different metal 
centers within the same complex. In principle, this allows for a direct 
comparison of the two isomeric binding modes and their impact on bond 
parameters around each metal center. 
The two Pd-Ccarbene distances are essentially the same [1.990(11) and 
1.992(11) Å]. As expected, and as a result of the strong NHC trans influences, 
the Pd1-S2 [2.351(3) Å] and Pd2-S1 [2.378(3) Å] bonds trans to the carbene 
are significantly longer than the Pd1-S1 [2.297(3) Å] and Pd2-S2 [2.266(3) Å] 
bonds trans to the bromido ligand. Notably, the Pd2-S1 bond [2.378(3) Å] 
trans to the mesoionic carbene is longer than the Pd1-S2 bond [2.351(3) Å] 
trans to the normal carbene, suggesting a stronger trans influence of 
C(4)-bound carbenes.
80
 In addition, the Pd2-S2 bond [2.266(3) Å] cis to the 
mesoionic carbene is shorter than the Pd1-S1 bond [2.297(3) Å] cis to the 
normal one. On the other hand, the Pd-Br bond lengths [2.4490(15) Å and 
2.4466(14) Å] are essentially the same. The dihedral angles between the two 




significantly different. Due to the reduced steric crowding around the 
mesoionic carbene, this angle has decreased to 31.3(3)°, whereas that of the 
classical isomer amounts to 50.7(3)°. The hinge angle of the [Pd2S2] core in 17, 
similar to that of 16 (vide supra), is ca. 119.0(1). 
 
 
Figure 3.10. Molecular structure of 17·2CH2Cl2 showing 50% probability 
ellipsoids; hydrogen atoms and the CH2Cl2 molecules are omitted for clarity. 
Selected bond lengths [Å] and bond angles []: Pd1-C1 1.990(11), Pd1-S1 
2.297(3), Pd1-S2 2.351(3), Pd1-Br1 2.4466(14), Pd2-C15 1.992(11), Pd2-S2 
2.266(3), Pd2-S1 2.378(3), Pd2-Br2 2.4490(15); C1-Pd1-S1 90.7(3), 
S1-Pd1-S2 79.67(10), S2-Pd1-Br1 95.98(8), Br1-Pd1-C1 93.6(3), C1-Pd1-S2 
170.4(3), S1-Pd1-Br1 174.40(9), C15-Pd2-S2 93.5(3), S2-Pd2-S1 79.73(10), 
S1-Pd2-Br2 95.80(8), Br2-Pd2-C15 91.5(3), C15-Pd2-S1 170.9(3), 
S2-Pd2-Br2 172.82(9), Pd1-S1-Pd2 82.19(9), Pd1-S2-Pd2 83.47(10). 
PdCS2Br/NHC dihedral angle 31.3(3)°, 50.7(3)°. 
 
3.2.2 Reactivity study 
With the aim to study the reactivity of such dimers toward external 
thiolato ligands, the major dimeric isomer 16 was treated with two equiv 
sodium isopropyl thiolate. Initially, a simple bromido-thiolato ligand exchange 
was expected that should give rise to the dimers X2 or X3. Although the 
bromido ligands were indeed abstracted, a tetra-palladium species was formed 






Scheme 3.8. Synthesis of the tetranuclear complex 18. 
 
Reaction optimization via counter anion exchange using NaBF4 resulted in 
the isolation of the tetranuclear [Pd4S4] macrocyclic compound 
{Pd4[SCH(CH3)2]2(J-
2
C,µ-S)4}(2BF4) (18), which was obtained as a yellow 
powder soluble in CH2Cl2, CHCl3, acetone, CH3CN, but insoluble in diethyl 
ether, toluene or hexane. In its ESI mass spectrum, a dicationic base peak at 
m/z = 779 was assigned to the [M – 2BF4]
2+
 fragment. Moreover, a smaller 
signal at m/z = 1644 assignable to the [M – BF4]
+
 monocation was observed as 
well (Figure 3.11). The 
1
H NMR spectrum shows two sets of signal in the 
aromatic region, suggesting two inequivalent groups of NHC ligands in this 
complex. The splitting patterns of the methylene groups and their assignment 
are complicated not only due to diastereotopy, but also accidental overlap with 




observed at 169.1 and 166.5 ppm, respectively, in the 
13
C NMR spectrum. 
 
 
Figure 3.11. The isotopic paterns of the positive ESI mass spectrum from 
complex 18. 
 
The molecular structure of 18 was finally confirmed by X-ray analysis on 
single crystals obtained from a concentrated mixed acetone/toluene solution 
(Figure 3.12). Each of the four Pd(II) centers is coordinated by one carbene 
and three μ-thiolato donors in a square-planar fashion. 
Apparently, the bromido ligand in 16 was first replaced with one isopropyl 
thiolato ligand accompanied by the precipitation of NaBr. The new highly 
nucleophilic thiolato ligand replaces a 2
nd
 bromido ligand of another Pd(II) 
center leading to a rearrangement of one Pd-S bond and subsequent 
dimerization to yield tetranuclear 18. Similar to a previously reported 
benzimidazolin-2-ylidene Pd4 species 14, there is an eight-membered [Pd4S4] 
macrocycle with almost the same dimensions of [4.6421(24) Å × 4.6617(24) 
Å]. The two bridging isopropyl thiolato ligands are found at opposite sides of 
this macrocycle, which in turn results in two different sets of carbene donors 
trans to these isopropyl thiolato ligands (Figure 3.12, right depiction). As 




position due to the strong trans influence of the carbenes. The formal 
replacement of two terminal bromido ligands by one bridging thiolato ligand 
with concurrent rearrangement to species of higher nuclearity is an interesting 




Figure 3.12. Molecular structure of the compound 18·2C7H8 (left: top view; 
right: side view) showing 50% probability ellipsoids; hydrogen atoms, the 
toluene molecules, BF4
-
 conteranions, and mesityl groups are omitted for 
clarity. Both N-substituents are omitted in the right depiction. Selected bond 
lengths [Å] and bond angles []: Pd1-C1 1.988(7), Pd1-S2 2.3314(18), Pd1-S5 
2.3917(18), Pd1-S1 2.3207(18), Pd2-S2 2.3336(18), Pd2-C15 1.991(7), 
Pd2-S3 2.3333(18), Pd2-S5 2.3656(17), Pd3-S6 2.3939(18), Pd3-S3 
2.3249(18), Pd3-C29 1.994(7), Pd3-S4 2.3267(18), Pd4-S1 2.3335(18), 
Pd4-S6 2.3703(18), Pd4-S4 2.3315(18), Pd4-C43 1.989(7), S5-C57 1.851(8), 
S6-C60 1.849(8); C1-Pd1-S2 96.0(2), S2-Pd1-S5 84.24(6), S5-Pd1-S1 
93.86(6), S1-Pd1-C1 87.1(2), S2-Pd2-S5 84.24(6), S2-Pd2-C15 90.5(2), 
C15-Pd2-S3 89.3(2), S3-Pd2-S5 95.20(6), S6-Pd3-S4 83.85(6), S6-Pd3-S3 
93.45(6), S3-Pd3-C29 87.5(2), C29-Pd3-S4 95.9(2), S1-Pd4-C43 88.6(2), 
S1-Pd4-S6 96.14(6), S6-Pd4-S4 84.27(6), S4-Pd4-C43 90.6(2), Pd1-S2-Pd2 
83.42(6), Pd1-S5-Pd2 81.45(6), Pd1-S1-Pd4 105.39(7), Pd2-S3-Pd3 105.09(7), 







3.3 Ni(II) and Pt(II) thiolato-functionalized 
benzimidazolin-2-ylidene complexes 
3.3.1 Syntheses and characterizations 
 Since the methodology of using a thioester function as a thiol protecting 
group worked straightforwardly in synthesizing thiolato-bridged Pd(II) NHC 
complexes, it was extended to prepare Ni(II) and Pt(II) analogues. The 
synthetic routes are presented in Scheme 3.9. 
 
 
Scheme 3.9. Synthesis of thiolato-functionalized Ni(II) and Pt(II) 
benzimidazolin-2-ylidene complexes 19 and 21. 
 
The thiolato-bridged dimeric Ni(II) complex. Ni(II) 
benzimidazolin-2-ylidene complex [NiBr(H-2C,µ-S)]2 (19) with 
thiolato-functions was synthesized in analogy to thioether complex 4 (see 




presence of [N(n-Bu)4]Br under vacuum (Scheme 3.7). The hydrolysis of the 
thioester group occurred and the resulting thiolato donor bound to the metal 
center. Complex 19 was isolated as a red solid, which is soluble in chlorinated 
solvents, CH3CN, DMSO, and DMF, but insoluble in diethyl ether and hexane. 
Its successful formation is supported by the absence of the downfield signal 
for the NCHN protons as well as the singlet corresponding to the 
methyl-thioester group of ligand precursor HAcHBr. Similar to the Pd(II) 
analogue 12, the benzylic protons become diastereotopic and give rise to two 
doublets centered at 6.71 and 5.61 ppm, respectively, with the coupling 
constant of 15.8 Hz. Likewise, the diastereotopy of the methylene groups of 
the bridges results in four pseudo-triplet/doublet in the range of 5.05-1.53 ppm. 
All the signals, especially those of the CH2 groups adjacent to the sulfur atoms, 
are shifted upfield in comparison to those of 12. The carbene peak at 176.1 
ppm is shifted downfield (cf. 175.4 ppm in 12). A signal at m/z = 733 in the 
positive FAB mass spectrum assignable to the [M – Br]+ fragment also 
corroborates the formation of 19.  
Single crystals of 19 suitable for X-ray analysis were obtained from slow 
evaporation of a concentrated CH2Cl2 solution. The molecular structure 
depicted in Figure 3.13 shows that complex 19 is isostructural to the Pd(II) 
dimer 12. Each Ni(II) center is coordinated by one carbene, two bridging 
sulfur atoms and one terminal bromido ligand in a square planar fashion. The 
lengths of the two Ni-Ccarbene bonds are 1.873(6) and 1.892(5) Å, respectively, 
which are shorter than those in 12 [cf. 1.977(4) and 1.997(4) Å]. The Ni-S 
bonds [2.2329(16) and 2.2398(15) Å] trans to the carbenes are longer than 




stronger trans influence of the NHCs. The dihedral angles between the 
[NiCSBr2] coordination plane and NHC planes amount to 58.3(2)° and 
55.8(1)°, similar to those in 12. Complex 19 is also bent with a similar hinge 
angle of 117.43 (6)°.  
 
 
Figure 3.13. Molecular structure of the compound 19 showing 50% 
probability ellipsoids; hydrogen atoms are omitted for clarity. Selected bond 
lengths [Å] and bond angles [deg]: Ni1-C1 1.873(6), Ni1-S1 2.1740(17), 
Ni1-S2 2.2329(16), Ni1-Br1 2.2979(10), Ni2-C17 1.892(5), Ni2-S2 
2.1799(16), Ni2-S1 2.2398(15), Ni2-Br2 2.3266(10); C1-Ni1-S1 92.66(17), 
S1-Ni1-S2 78.88(6), S2-Ni1-Br1 98.38(5), Br1-Ni1-C1 91.24(17), C1-Ni1-S2 
169.37(18), S1-Ni1-Br1 167.53(6), C17-Ni2-S2 92.61(17), S2-Ni2-S1 
78.61(6), S1-Ni2-Br2 97.19(5), Br2-Ni2-C17 92.13(16), C17-Ni2-S1 
170.45(17), S2-Ni2-Br2 168.65(5), Ni1-S1-Ni2 82.69(6), Ni1-S2-Ni2 82.72(6). 
NiCS2Br/NHC dihedral angle 58.3 (2)°, 55.8(1)°. 
 
The thiolato-bridged dimeric Pt(II) complex. Since Pt(OAc)2 is not as 
easily available as Pd(OAc)2, the synthesis of the thiolato-functionalized Pt(II) 
NHC complex was first carried out by reacting ligand precursor HAcHBr 
with PtBr2 and an external base NaOAc at 80 C. However, no reaction took 
place and starting materials were mainly recovered. When the temperature was 




Apparently, this is not a suitable method to synthesize the target compound. 
The strategy used to prepare Pt(II) CSC-pincer complexes 10 and 11 (see 
section 2.3) was tried to synthesize the thiolato system by reacting ligand 
precursor HAcHBr with PtBr2 in boiling CH3CN. An orange precipitate was 
obtained, which was purified by washing with DMF. Complex 
[PtBr2(H-H-
1
µ-S)]2 (20) was isolated as a yellow powder, which is poorly 
soluble in DMF and is more soluble in DMSO. Its 
1
H NMR spectrum shows 
two singlets at 10.15 and 10.08 ppm, respectively, for the NCHN protons. The 
formation of a rigid complex may account for the different chemical 
environments of these two protons. It is noteworthy that the signal 
corresponding to the thioester group of HAcHBr is absent. Clearly the 
hydrolysis took place in wet CH3CN and the coordination of the resulting 
thiolate to Pt(II) is thus conceivable. Since the electron rich thiolato-donors 
tend to bridge two metal centers, complex 20 possesses a [Pt2S2] core with two 
benzimidazolium moieties. This proposal was supported by the positive ESI 
mass spectrum as a signal at m/z = 1244 was observed corresponding to the 
[M – Br + DMSO]+ fragment.  
More convincing evidence on the identity of 20 comes from X-ray 
analysis. Suitable crystals were obtained by diffusing diethyl ether into a 
DMSO solution. The molecular structure depicted in Figure 3.14 shows that 
the thiolato-functions indeed form and bind to two Pt(II) centers in a bridging 
manner. The square planar geometries of each Pt(II) are accomplished by two 
bromido ligands. The benzimidazolium moieties remain pendant and balance 




benzimidazolium groups located at opposite sides. All bond parameters are in 
the expected range and do not require further comments. 
 
Figure 3.14. Molecular structure of the compound 20·DMSO showing 50% 
probability ellipsoids; hydrogen atoms and the DMSO molecule are omitted 
for clarity. Selected bond lengths [Å] and bond angles [deg]: Pt1-S1 
2.2802(16), Pt1-Br1 2.4619(6), Pt1-Br2 2.4767(7), Pt1-S1#1 2.2823(14), 
S1-Pt1#1 2.2824(14); S1-Pt1-Br1 92.18(4), Br1-Pt1-Br2 93.48(2), 
Br2-Pt1-S1#1 91.51(4), S1-Pt1-S1#1 83.03(6), Br2-Pt1-S1 172.99(4), 
S1#1-Pt1-Br1 174.45(4), Pt1-S1-Pt1#1 96.97(6). 
 
The carbene complex [PtBr(H-2C,µ-S)]2 (21) was finally synthesized by 
treatment of the [Pt2S2] complex 20 with Ag2O in CH3CN at 75 C. In 
comparison, no reaction occurred at ambient temperature. Complex 21 was 
isolated as a yellow powder which is soluble in CHCl3, CH2Cl2, CH3CN, DMF 
and DMSO. Its formation is corroborated by the positive ESI mass spectrum 





H NMR spectrum, the absence of the downfield NCHN signals of 
precursor 20 also supports the successful deprotonation. Similar to the Pd(II) 
dimer 12 and the Ni(II) analogue 19, all the methylene protons of 21 are 




161.5 ppm in the 
13
C NMR recorded in DMSO-d6, which is significantly 
upfield shifted compared to those of 12 and 19 in CDCl3
81
 (cf. 12, 175.4 ppm; 
19, 176.1 ppm).  
 
Figure 3.15. Molecular structure of the compound 21·CH2Cl2 showing 50% 
probability ellipsoids; hydrogen atoms, phenyl rings of N-substituents and the 
CH2Cl2 molecule are omitted for clarity. Selected bond lengths [Å] and bond 
angles [deg]: Pt1-C1 1.973(7), Pt1-S1 2.2887(17), Pt1-S2 2.3593(18), Pt1-Br1 
2.4711(8), Pt2-C17 2.004(8), Pt2-S2 2.2996(17), Pt2-S1 2.3508(18), Pt2-Br2 
2.4698(8); C1-Pt1-S1 90.3(2), S1-Pt1-S2 80.32(6), S2-Pt1-Br1 96.00(5), 
Br1-Pt1-C1 93.3(2), C1-Pt1-S2 170.6(2), S1-Pt1-Br1 174.84(5), C17-Pt2-S2 
90.0(2), S2-Pt2-S1 80.27(6), S1-Pt2-Br2 94.87(5), Br2-Pt2-C17 94.9(2), 
C17-Pt2-S1 170.2(2), S2-Pt2-Br2 174.84(5), Pt1-S1-Pt2 90.03(6), Pt1-S2-Pt2 
89.55(6). PtCS2Br/NHC dihedral angle 55.8(2)°, 51.7(2)°.  
 
Table 3.3. Comparison of isostructural complexes 12, 19 and 21. 
  Pd(II) dimer 12 Ni(II) dimer 19 Pt(II) dimer 21 
13
Ccarbene (ppm) 175.4 176.1 161.5 




















Single crystals of 21 were obtained by slow evaporation of a CH2Cl2 
solution. As shown by the molecular structure depicted in Figure 3.15, the 
thiolato-bridged Pt(II) NHC complex 21 is isostructural to the Pd(II) and Ni(II) 
analogues. The Pt-carbene bonds of 1.973(7) and 2.004(8) Å are similar to 
those in 12, but longer than those in 19 (Table 3.3). The Pt-S bonds [2.3593(18) 
and 2.3508(18) Å] trans to the carbenes are longer than those [2.2887(17) and 
2.2996(17) Å] trans to the bromido ligands, the latter of which are comparable 
with the Pt-S bonds in 20. The dihedral angles between the [PtCS2Br] 
coordination planes and the NHC planes amount to 55.8(2) and 51.7 (2)°, 
respectively, which are similar to the Pd(II) and Ni(II) analogues. Different 
from the planar [Pt2S2] complex 20, carbene complex 21 is bent with a hinge 
angle of 134.84(3)°, which is larger than those of its analogues 12 and 19. 
 
3.3.2 Reactivity studies 
 In analogy to the preparation of the tetranuclear Pd(II) complex 14, the 
possibility of synthesizing bigger aggregates with either Ni or Pt centers was 
explored. Following the aforementioned methods, the dimeric complexes 19 
and 21 were treated with either AgBF4 or Me3OBF4 in CH2Cl2. Under both 
conditions, decomposition was observed for the Ni(II) complex 19, as 
downfield signals corresponding to benzimidazolium salts appeared in the 
1
H 
NMR spectra of the products. Apparently the Ni-Ccarbene bonds were cleaved 
upon reaction. On the other hand, the reaction of Me3OBF4 with the Pt(II) 
complex 21 proceeded (Scheme 3.10), and tetranuclear complex 
{Pt4Br2(H-
2




which is soluble in DMSO, but only sparingly soluble in DMF.  
 The formation of 22 is supported by a predominant peak at m/z = 1004 in 
the positive ESI mass spectrum, with the isotopic intervals of 0.5, 
corresponding to the [M – 2BF4]
2+
 fragment. Similar to the 
1
H NMR spectrum 
of 14, 11 signals for all the methylene groups of the two inequivalent 
thiolato-NHC ligands are observed in the range of 6.16-2.35 ppm (Figure 
3.16). Two carbene signals appear in the 
13
C NMR spectrum as well at 148.8 
and 147.1 ppm, respectively, which again shift upfield in comparison to those 
of 14 (cf. 168.1, 166.0 ppm). Despite many attempts, no single crystals 
suitable for X-ray analysis were obtained. 
 




H NMR spectrum of 22 in the range of 6.50-2.20 ppm. Signals 




Chapter 4. Palladium(II) complexes with non-classical 
N-heterocyclic carbene ligands 
 
As discussed in Chapter 1, the development of new classes of carbene has 
been a focus of current research. Numerous efforts have been put on 
examining their donating capacities, which influence the properties of 
pertinent transition metal complexes to a great extent. Since TEP and its 
derivatives have proven to suffer from some limitations (vide supra), it is of 
interest to determine the donor strengths of those non-classical carbenes with 
the newly developed 
13






1,3-diisopropylbenzimidazolin-2-ylidene; L = non-classical carbene) has been 
synthesized. In this study, non-classical carbenes include the 
perimidin-2-ylidene, saturated 6- and 7-membered NHCs and 
1,2,3-triazolin-5-ylidenes. 
4.1 Synthesis and characterization of the perimidin-2-ylidene 
complex 
The perimidinum salt. Ligand precursor LHBr was synthesized from 
perimidine in two steps (Scheme 4.1). The benzyl group was chosen as 
N-substituents in order to compare with reported systems carrying the same 
group. Perimidine was first treated with NaOH followed by PhCH2Br in 
CH3CN to form benzylperimidine K. It is noteworthy that this reaction 
required the exclusion of air, which avoided the oxidation of the electron rich 




oxidation in Scheme 4.1).
82
 K was isolated as a yellow powder by column 
chromatography in a good yield of 70%. Its formation is evidenced by a 
singlet at 4.72 ppm in the 
1
H NMR spectrum corresponding to the benzylic 
protons. Furthermore, a doublet resonating at 6.02 ppm with the integration of 
1 is observed, which is characteristic for the C4-H proton of 
perimidine-derived compounds.  
 
 
Scheme 4.1. Synthesis of ligand precursor LHBr. 
 
The alkylation of K was carried out with PhCH2Br in DMF at 80 C 
yielding perimidinum salt LHBr, which was isolated as a yellow powder in a 
good yield of 75%. Its positive ESI mass spectrum shows a base peak at m/z = 
349 assignable for the [M – Br]+ fragment. In the 1H NMR spectrum, a 
downfield signal at 11.27 ppm corresponding to the C2-H proton supports the 
formation of the perimidinium salt. In addition, a doublet at 6.79 ppm 
integrated as 2 is assigned to the C4-H and C9-H protons, due to the 
symmetrical nature of LHBr. The benzylic protons resonate as a singlet at 





The perimidin-2-ylidene complex. Following the methodology 
established by Huynh et al. to synthesize hetero-bis(carbene) complexes,
16
 
ligand precursor LHBr was treated with 0.55 equiv of Ag2O and 0.5 equiv of 
[PdBr2(
i
Pr2-bimy)]2 in CH2Cl2 at ambient temperature (Scheme 4.2). 
 
 
Scheme 4.2. Synthesis of complex 23. 
 
The reaction proceeded straightforwardly, and complex 
trans-[PdBr2(
i
Pr2-bimy)L] (23) was isolated in a good yield of 96% by a 
simple filtration to remove AgBr. It is a yellow powder soluble in common 
organic solvents except for diethyl ether and hexane. The ESI mass spectrum 
of 23 shows a peak at m/z = 737 assignable to the [M – Br]+ fragment. In the 
1
H NMR spectrum, the absence of the downfield signal characteristic for 
LHBr indicates the successful deprotonation. Furthermore, the presence of the 
signals of both 
i
Pr2-bimy and the perimidin-2-ylidene supports the formation 
of the expected hetero-bis(carbene) complex. A septet centered at 5.84 ppm is 
assigned to the C-H protons of the isopropyl substituents. The methyl groups 
give rise to a doublet at 1.44 ppm. Similar to ligand precursor LHBr, the 
C4-H and C9-H protons of 23 resonate as a doublet at 6.61 ppm. As expected, 
two carbene signals are detected in the 
13




downfield peak at 203.8 ppm is due to the perimidin-2-ylidene,
11
 while the one 
at 176.6 ppm is assigned to the 
i
Pr2-bimy probe. Previous study showed that 
the more downfield the carbene chemical shift of 
i
Pr2-bimy is, the more 
donating the ligand in study is. Compared to reported data, the 
perimidin-2-ylidene possesses similar donating ability as 
1,2,4-triazolin-3-ylidene and is far weaker than other classical NHCs (Figure 
4.1). This result is reasonable as the 2
nd
 electron-withdrawing benzene ring 




Figure 4.1. Donating abilities of the perimidin-2-ylidene and selected 
examples
16
 of reported data on 
13
C NMR scale. 
 
Single crystals of 23 were obtained by slow evaporation of a concentrated 
CH2Cl2 solution. The molecular structure depicted in Figure 4.2 shows that the 
Pd(II) center is coordinated by one 
i
Pr2-bimy, one perimidin-2-ylidene and two 
bromido ligands. As expected, the complex adapts a trans-configuration, 
which is critical in determining the donor strength with the 
13
C NMR 
spectrometric methodology. The dihedral angles between the [PdC2Br2] 
coordination plane and the NHC planes amount to 88.29(9)° and 80.87(7)°, 
respectively. The bond between Pd(II) and the perimidin-2-ylidene is slightly 







Figure 4.2. Molecular structure of the compound 23·CH2Cl2 showing 50% 
probability ellipsoids; hydrogen atoms and the CH2Cl2 molecule are omitted 
for clarity. Selected bond lengths [Å] and bond angles [deg]: Pd1-C1 2.008(3), 
Pd1-C14 2.071(3), Pd1-Br1 2.4551(4), Pd1-Br2 2.4398(4); C1-Pd1-Br1 
86.29(9), Br1-Pd1-C14 94.83(8), C14-Pd1-Br2 90.40(8), Br2-Pd1-C1 88.59(9), 
C1-Pd1-C14 176.78(12), Br1-Pd1-Br2 174.453(16), N3-C14-N4 117.6(3). 
PdC2Br2/NHC dihedral angle 88.29(9)°, 80.87(7)°. 
 
4.2 Syntheses and characterizations of complexes with 
saturated expanded ring NHCs  
 Amidinium salts. Symmetrical six or seven membered amidinium salts 
MHBr-PHBr bearing benzyl or mesityl substituents were synthesized 
according to literature methods.
12a
 Reactions of HC(OEt)3 with benzyl amine 
or 2,4,6-trimethylaniline in the presence of HOAc formed formamidines, 
which were treated with either 1,3-dibromopropane or 1,4-dibromobutane in 






Scheme 4.3. Synthesis of ligand precursors MHBr-PHBr. 
 
Saturated 6- and 7-membered NHC Complexes. In analogy to complex 
23, hetero-bis(carbene) complexes of saturated expanded ring NHCs were 
synthesized by reacting the ligand precursors with Ag2O and 
[PdBr2(
i
Pr2-bimy)]2 in CH2Cl2. Salts MHBr and NHBr bearing benzyl 
substituents were tested first (Scheme 4.4). However, both reactions gave 
products with messy 
1
H NMR spectra. Moreover, downfield signals around 






Scheme 4.4. Attempts to synthesize X4 and X5 and possible byproducts. 
 
The reactions with ligand precursors OHBr and PHBr carrying electron 






Pr2-bimy)O] (24) and trans-[PdBr2(
i
Pr2-bimy)P] (25) were 
obtained by column chromatography albeit in low yields (Scheme 4.5). Both 
complexes are yellow solids which are soluble in CH2Cl2, CHCl3, DMSO, and 
DMF, but insoluble in diethyl ether and hexane. In their 
1
H NMR spectra, a 
multiplet centered at 4.78 ppm is assigned to the C-H proton of the isopropyl 
group of 24, while the same signal of 25 is found at 4.75 ppm. It is noteworthy 
that the two signals are shifted significantly upfield compared to those of 
reported systems which appear in the range of 6.36-5.20 ppm (vide infra). The 
methylene groups of the 6-membered NHC backbone in 24 give rise to two 
multiplets resonating at 3.45 and 2.32 ppm, respectively. Likewise, two broad 
singlets at 3.91 and 2.25 ppm are attributed to the carbene backbone of 25. In 
the ESI mass spectra, signals at m/z = 709 and 723 corresponding to the [M – 
Br]
+ 
fragments, respectively, are observed. 
 
  




C NMR spectra of both complexes, two signals corresponding to 
the two different carbenes are observed in each case. The 6-membered carbene 
resonates at 201.4 ppm, while the respective 
i
Pr2-bimy is at 176.6 ppm. The 
7-membered carbene in 25 gave rise to a signal at 212.5 ppm and the probing 
i






C NMR scale, those expanded ring NHCs appear to be less donating than 
5-membered IMes and SIMes (Figure 4.3), which is not expected. Saturated 
backbones with additional methylene groups should improve the donating 
capacities of NHCs.  
 
 
Figure 4.3. Donating abilities of expanded ring NHCs and selected examples
16
 
of reported data on 
13
C NMR scale. 
 
This finding may be explained by the large N-Ccarbene-N angles that are 
usually observed for the expanded heterocyclic rings, which bend the 
N-substituents toward the metal centers. As a result, the mesityl groups of 24 
and 25 are closer the Pd(II) centers than in the five-membered systems, which 
may affect the 
i
Pr2-bimy ligand trans to the expanded rings. The significant 
upfield shift of the C-H protons of the isopropyl group may be a sign of the 
effect induced by the anisotropy of the aromatic rings. Similarly, the carbene 
carbon atoms of 
i
Pr2-bimy may be in the shielding area of the mesityl 






Figure 4.4. Molecular structure of one independent molecule of the compound 
25·CHCl3 showing 50% probability ellipsoids; hydrogen atoms and the CHCl3 
molecule are omitted for clarity. Selected bond lengths [Å] and bond angles 
[deg]: Pd1-C1 2.012(5), Pd1-C14 2.061(5), Pd1-Br1 2.4321(7), Pd1-Br2 
2.4398(7); C1-Pd1-Br1 85.59(14), Br1-Pd1-C14 91.31(14), C14-Pd1-Br2 
96.61(14), Br2-Pd1-C1 86.49(14), C1-Pd1-C14 176.8(2), Br1-Pd1-Br2 
172.07(3), N3-C14-N4 119.4(4). PdC2Br2/NHC dihedral angle 81.7(2)°. 
 
The solid state structure of 25 (depicted in Figure 4.4) also serves as an 
evidence of this hypothesis. Single crystals suitable for X-ray analysis were 
obtained by slow evaporation of a concentrated CHCl3 solution. As expected, 
the Pd(II) center is coordinated by one 
i
Pr2-bimy, one highly twisted 
7-membered NHC, and two trans-standing bromido ligands. The N-Ccarbene-N 
angle amounts to 119.4(4)°, which is significantly larger than that of the 
SIMes analogue [107.3(2)°].
16
 As a result, the C28-N4-C14 and C19-N3-C14 
angles shrink to 119.2(4)° and 118.6(4)°, respectively, in comparison to those 
of SIMes [125.6(2)° and 124.7(2)°].
16
 The distances between the C1 carbon 
atom and centroids of the mesityl rings are in turn shorter [4.638(5) and 
4.728(5) Å in 25; 5.027(2) and 4.799(2) Å in SIMes
16
], which may explain the 




4.3 Synthesis and catalytic studies of 1,2,3-triazolin-5-ylidene 
complexes 
4.3.1 Syntheses and characterizations 
Triazolium salts. Triazolium salts with phenyl (QHBr), benzyl (RHBr, 
SHBF4), or isopropyl (THBr) group at N1 positions were synthesized via two 
step reactions (Scheme 4.6). 1-Substituted 1,2,3-triazoles were first 
synthesized by “click reaction”, 84  which is a copper-catalyzed [3+2] 
cycloaddition involving azides and alkynes. Alkylation of these 1,2,3-triazoles 
with benzyl bromide or Meerwein's salt
85
 gave rive to 1,3-disubstituted 
triazolium salts (QHBr-THBr) in moderate to good yields, which served as 
ligand precursors for 1,2,3-triazolin-5-ylidenes (Scheme 4.6).  
 
 
Scheme 4.6. Preparation of ligand precursors QHBr-THBr. 
 
 The yields of the alkylation depend largely on the N1 substituent. The 
reaction with 
i
Pr-triazole gave a good yield of 88% after heating in neat benzyl 
bromide overnight, while the yield dropped to 46% when the same reaction 
condition was applied to Bn-triazole. Alkylation of Ph-triazole gave only 32% 




yields dropped as the inductive effect of the N1 substituent decreases. In the 
1
H NMR spectra of salts QHBr-THBr, downfield signals ranging from 
9.75-10.18 ppm were assigned to the protons attached to the procarbene 
carbon atoms, supporting the successful alkylations. Moreover, a base peak 
assignable to the triazolium cation in each ESI mass spectrum also 
corroborates the formation of the expected salts. 
1,2,3-Triazolin-5-ylidene complexes. One-pot reaction of 
[PdBr2(
i
Pr2-bimy)]2 with two equiv of ligand precursors QHBr, RHBr or 






Pr2-bimy)R] (27) and trans-[PdBr2(
i
Pr2-bimy)T] (29) suitable 
for measuring the donor strengths of triazole-derived carbenes (Scheme 4.7). 
Since ligand precursor SHBF4 bears BF4
-
 as the counter-anion, complex 
trans-[PdBr2(
i
Pr2-bimy)S] (28) was prepared by reacting it with a tribromido 
complex N(n-Bu)4[PdBr3(
i
Pr2-bimy)], generated in situ by addition of 
[N(n-Bu)4]Br to [PdBr2(
i
Pr2-bimy)]2, in order to compensate for the absence of 
halide in SHBF4 (Scheme 4.7). Complexes 26-29 were isolated as yellow 
solids in moderate to good yields, which are soluble in most organic solvents 
like CH2Cl2, CHCl3, MeOH, and CH3CN with exceptions of non-polar ones 
such as hexane and diethyl ether. Their formation is supported by ESI mass 
spectra, where a base peak corresponding to the [M – Br]+ fragment and a 
smaller signal assignable to [2M – Br]+ are present in all cases. In the 1H NMR 
spectra, the absence of downfield signals for triazolium salts and the presence 
of peaks from both 
i
Pr2-bimy and 1,2,3-triazolin-5-ylidenes also corroborate 




multiplets for the C-H protons of the isopropyl groups of 
i
Pr2-bimy range from 
6.05-5.73 ppm, which are shifted upfield in comparison to those of the 
precursor [PdBr2(
i
Pr2-bimy)]2 (cf. 6.54 ppm). Moreover, due to the loss of 
symmetry upon complex formation, two C-H proton signals are observed in 
the 
1
H NMR spectrum of complex 26. One additional septet appears at 6.05 
ppm for complex 29, which is assigned to the isopropyl group of the 
1,2,3-trazolin-5-ylidene. In the cases of complexes 27 and 28, however, only 








C NMR spectra of complexes 26-29, two carbene signals are 




are assigned to 
i
Pr2-bimy while other ones ranging from 157.9-160.6 ppm are 
attributed to 1,2,3-triazole derived carbenes. In combination with the previous 





 1,2,3-triazolin-5-ylidenes prove to be stronger donors 
than classical NHCs (Figure 4.5), which can be explained by reduced nitrogen 
atoms adjacent to the carbene centers. In addition, they are weaker than some 
non-classical carbenes like pyrazolin-3-ylidenes and imidazolin-4-ylidenes 
(Figure 4.5), which is attributable to the third electron withdrawing nitrogen 






Figure 4.5. Donating abilities of 1,2,3-triazolin-5-ylidenes and selected 
examples
16
 of reported data on 
13
C NMR scale. 
 
The chemical shift of 
i
Pr2-bimy in complex 26 with phenyl ring is 180.3 
ppm, while those in complexes 27 and 28, both with the more electron 
donating benzyl group at N1 position, are 180.8 ppm. In complex 29 with the 
most electron positive isopropyl group, the chemical shift of the carbene probe 
is 181.2 ppm. As a result, 
i
Pr-1,2,3-triazolin-5-ylidene in 29 is a stronger donor 




stronger than Ph-1,2,3-triazolin-5-ylidene in 26. This trend is in line with the 
inductive effects of the N1 substituents, which finding proves that the 
13
C 
NMR based methodology is sensitive enough to tell the influences imposed by 
different N1 groups on the donor strengths of 1,2,3-triazolin-5-ylidenes. It is 
also noteworthy that the resonances are exactly the same in complexes 27 and 
28, although the substituents at N3 are different. Probably this method is not 
sensitive enough to detect electronic differences located six bonds away from 
the carbene probe. 
Trifluoroacetato complexes. Changing halido to trifluoroacetato ligands 
is a common practice to improve the catalytic activities of transition metal 
complexes.
86
 Reactions of complexes 26, 27 and 29 with two equiv of 
AgO2CCF3 gave rise to new hetero-bis(carbene) complexes 
trans-[Pd(O2CCF3)2(
i
Pr2-bimy)(Q/R/T)] (30/31/32) with labile 




Scheme 4.8. Synthesis of complexes 30-32. 
 
Compared to the precursors, the newly formed complexes 30-32 are in 






 All three compounds are mixtures of cis and 
trans isomers, as evidenced by 
1
H NMR spectra which show two sets of 
signals. In 
13
C NMR spectra, all the carbene signals are shifted upfield by 4-5 
ppm, due to the replacement of bromido with more electron withdrawing 
trifluoroacetato ligands resulting in more Lewis acidic Pd centers. The signals 
of other carbon atoms of triazole rings are shifted downfield by 0.7-1 ppm. 
Single crystals of 32 suitable for X-ray diffraction analysis were obtained 
from a concentrated CH2Cl2 solution. Its molecular structure depicted in 
Figure 4.6 shows that both bromido ligands have been replaced with 
trifluoroacetato ligands which bind to the Pd center in a monodentate manner. 
In addition, they are arranged trans to each other. The other two coordination 
sites are taken by two carbenes, one being 
i
Pr2-bimy and the other one 
1,2,3-triazolin-5-ylidene. The dihedral angles between the carbene plane and 
the [PdC2O2] coordination plane are 64.6(1)° and 51.1(2)°, which deviate 
substantially from the ideal 90°, probably due to the steric congestion around 
the metal center. The angle between the two carbene planes amounts to 
13.4(2)°. The two Pd-Ccarbene bond lengths [2.025(5) and 2.031(5) Å] are 






Figure 4.6. Molecular structure of 32 showing 50% probability ellipsoids. 
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and bond 
angles [deg]: Pd1-C1 2.025(5), Pd1-O1 2.055(4), Pd1-C14 2.31(5), Pd1-O3 
2.028(4); C1-Pd1-O1 91.74(17), O1-Pd1-C14 90.36(18), C14-Pd1-O3 
89.15(18), O3-Pd1-C1 88.84(18), C1-Pd1-C14 175.6(2), O1-Pd1-O3 
178.71(16). [PdC2O2]/NHC dihedral angles 64.6(1), 51.1(2)°. 
 
4.3.2 Catalytic study in the direct arylation of pentafluorobenzene 
Although Pd-NHC complexes have been widely used in C-C coupling 
reactions (vide supra), no attention has been paid to the arylation which 
involves the direct C-H bond functionalization. Although both reactions may 
lead to biaryls, direct arylation is superior to Suzuki coupling in the sense that 
no boronic acid waste will be produced. Direct arylation of 
pentafluorobenzene with aryl halide has been studied with Pd(OAc)2 and 
phosphine ligands.
87
 Since NHC has been widely recognized as a phosphine 
mimic, it is worth studying the performance of Pd-NHC complexes in such 
reactions.  
A preliminary study was carried out with 4-bromotoluene and 1.1 equiv of 
pentafluorobenzene catalyzed by 5 mol% precatalyst 27 in the presence of 1.1 
equiv of K2CO3 and DMA at 120 ºC for 24 h, which resulted in a moderate 




1 mol%, the yield was increased to 67% (entry 2). It has been proven in the 
Heck reaction that a higher catalyst loading may result in a decrease in the 
performance as more catalysts may decompose to Pd black which would 
aggregate and hamper the catalytic process.
88
 60% yield was obtained when 
the loading was further decreased to 0.5 mol% (entry 3), which is still better 
than the outcome with 5 mol% catalyst. With 0.5 mol% catalyst, precatalyst 26 
was tested at both 120 ºC and 140 ºC. 26 outperformed 27 at 120 ºC as the 
yield was increased to 82% (entry 4). At 140 ºC, however, it dropped 
dramatically to 48% only (entry 5). Pd black was observed under this 
condition, which shut down the catalysis to some extent.
88
 With the optimized 
reaction condition, precatalysts 29-32 were screened (entry 6-9). It was found 
that 29 was not as good as 26 and 27, which showed that complexes bearing 
less donating 1,2,3-triazolin-5-ylidenes are better catalysts for the direct 
arylation of pentafluorobenzene. The same trend was observed with 
trifluoroacetato complexes, as 30 is a better performer than 31 and 32. As 
expected, they are in general better precatalysts than their bromido analogues. 
For instance, the reaction with 29 gave only 44% yield, while 70% yield was 
obtained when catalyzed by the trifluoroacetato analogue 32. Similarly, 30 
performed better than 26 and 31 outperformed 27. Overall, 30 gave rise to the 














Entry Catalyst Catalyst loading (mol%) Yield [%]
b
 TON 
1 27 5 54 11 
2 27 1 67 67 
3 27 0.5 60 120 
4 26 0.5 82 164 
5
c
 26 0.5 48 96 
6 29 0.5 44 88 
7 30 0.5 85 170 
8 31 0.5 82 164 
9 32 0.5 70 140 
a 
Reaction conditions: precatalyst; K2CO3 (1.1 equiv), pentafluorobenzene (1.1 equiv), 
4-bromotoluene (0.3 mmol), DMA (0.2 mL), 120 ºC, 24 h. 
b
 Isolated yield. 
c
 140 ºC. 
 
The scope of this reaction was studied with the best precatalyst 30. The 
reaction proceeded well with aryl halide bearing electron donating groups. 
88% yield was obtained with 4-bromoanisole (Table 4.2, entry 1). The results 
are also good with 3-bromotoluene (80% yield, entry 2) and 3-bromoanisole 












Table 4.2. Direct arylation of pentafluorobenzene
a





























Reaction conditions: precatalyst (1 mol%); K2CO3 (1.1 equiv), pentafluorobenzene 
(1.5 equiv), aryl halide (0.3 mmol, 0.15 mmol in the case of dihalide), DMA (0.2 mL), 
120 ºC, 24 h. 
b
 Isolated yields.  
 
However, no conversion was detected with 2-bromotoluene (Table 4.2, 
entry 4). Apparently steric effect is the key factor in this case. The yields also 




(4-bromochlorobenzene, 54%, entry 5; 4-nitrilebromobenzene, 18%, entry 6). 
It is noteworthy that in the case of 4-bromochlorobenzene, no double coupling 
product was detected at all although 3 equiv of pentafluorobenzene was added. 
In contrast, under the same condition, the reaction with 1,3-dibromobenzene 




Chapter 5. Conclusions 
 
The syntheses, reactivity and catalytic studies of group 10 transition metal 
complexes bearing sulfur-functionalized or non-classical N-heterocyclic 
carbene (NHC) ligands were presented in this dissertation. 
 
 
Scheme 5.1. Pincer and pseudo-pincer complexes. 
 
In Chapter 2, complexations of thioether (B2HBr) and sulfoxide (C2HBr) 
bridged dibenzimidazolium bromides with Pd(OAc)2 formed pseudo-pincer 
complexes cis-[PdBr2(B-
2
C)] (1) and cis-[PdBr2(C-
2
C)] (2), respectively, in 
which the sulfur atoms do not coordinate to the metal centers (Scheme 5.1). To 




was carried out with B2HNO3 carrying a weakly coordinating counter-anion, 
which formed the first CSC-pincer Pd(II) complex 
trans-[PdBr(B-3CSC)]NO3 (3) in the presence of one equiv of KBr.  
CSC-pincer complexes [trans-[PdBr(E-3CSC)]Br (5) and 
trans-[PdBr(G-3CSC)]Br (6)] were obtained from ligands derived from 
N-mesityl- (E) or N-benzylimidazoles (G). In another study, a related but 
electron poor ligand based on 1-benzyl-4,5-dichloroimidazole yielded a 
pseudo-pincer complex 7 with a pendant thioether-function. The electron 
donating abilities of different NHCs are thus believed to be the main 
governing factor for pincer versus pseudo-pincer formation. This finding may 
shed some light on the design and selective synthesis of pincer complexes.  
Complexes 1-3 showed good activities in catalyzing the Mizoroki-Heck 
reaction. However, none of them proved superior, probably due to the 
decomposition to catalytically active nano particles of similar size under 
relatively harsh conditions. Pincer complex 6 displayed the best catalytic 
activities among 5-7 in the intermolecular hydroamination reaction of 
phenylacetylene with various anilines. Both studies demonstrate that the sulfur 
atoms do not poison the active catalysts.  
CSC-pincer Pt(II) analogues trans-[PtBr(E-3CSC)]Br (10) and 
trans-[PtBr(G-3CSC)]Br (11) were also synthesized by treating the ligand 
precursors with PtBr2 followed by Ag2O. Although no solid state structures 
were obtained, 10 and 11 are expected to be pincer complexes based on the 
HSAB theory. 




single-crystal X-ray analysis (vide supra), which hampers the study of systems 
not easily crystallizable. To solve this problem, new methods need to be 
developed, one possible solution of which is to measure conductivities of 
those complexes. In this study, pincer complexes are always neutral while 
pseudo-pincer ones are ionic, which will show different conducting properties. 
Future investigations may be extended to other catalysis, which could 
further illustrate the influences of the hemilabile thioether functions and the 
rigid pincer configurations. In addition, complexations of those CSC-pincer 
type ligands with other metal centers, e.g., Ru, Rh, and Ir, are worth studying, 
which will enrich the diversity of this type of coordination chemistry in search 
for more catalytic applications. 
A new methodology of synthesizing NHC complexes bearing thiolato 
groups by in situ hydrolysis of thioesters was also developed, which avoids the 
handling of air sensitive starting materials and simplifies the synthesis to a 
great extent (Scheme 5.2). Thiolato-bridged Pd(II) dimeric 
benzimidazolin-2-ylidene complex [PdBr(H-2C,µ-S)]2 (12) was prepared in 
good yields from reactions of either thiol HH2Br or thioester HAcHBr with 
Pd(OAc)2. Similarly, Pd(II) thiolato dimer [PdBr(J-
2
C,µ-S)]2 (16) containing 
two mesityl-substituted imidazolin-2-ylidenes was isolated. In addition, its 
interesting constitutional isomer [Pd2Br2(J-
2
C,µ-S)(J’-2C,µ-S)] (17) was 
also obtained as the first dinuclear complex bearing both normal and 
mesoionic carbenes. Its formation is attributed to the competing deprotonation 
at C4 instead of C2 probably due to steric reasons. The observed difference in 
bond parameters around the two inequivalent Pd centers in a single complex is 




donors of greater trans influence than their direct C2-bound classical 
analogues. 
This methodology was successfully extended to prepare Pt(II) and Ni(II) 
analogues. Solid state structures of [NiBr(H-2C,µ-S)]2 (19) and 
[PtBr(H-2C,µ-S)]2 (21) revealed that they are isostructural to the Pd(II) 
analogue 12, which allows the direct comparison of complexes with different 
group 10 elements. 
 




Reactivities of 12 were studied in several aspects, providing insights into 
the robustness of the [Pd2S2] core. Salt metathesis of 12 with AgO2CCF3 
formed complex [Pd(O2CCF3)(H-
2
C,µ-S)]2 (13) bearing labile 
trifluoroacetato ligands in quantitative yield. Catalytic studies revealed that 
dimeric complexes 12 and 13 showed good activities at low loadings towards 
aqueous Suzuki-Miyaura couplings despite carrying thiolato functions which 
are usually regarded as catalyst poisons.  
The treatment of 12 with excess Me3OBF4 or one equiv of AgBF4 led to 
the abstraction of one bromido ligand and subsequent 
rearrangement/dimerization to afford the tetranuclear species 
[Pd4Br2(H-
2
C,µ-S)4](2BF4) (14) featuring a macrocyclic [Pd4S4] square. The 
unusual reactivity of Me3OBF4 as a halide-abstracting agent is remarkable and 
believed to be of great synthetic use in cases where soft Ag
+
 and toxic Tl
+
 ions 
are interfering and undesirable, which requires more explorations in the future.  
The suitability of the thiolato-bridged dimeric complexes as useful 
precursors to bigger aggregates was further evaluated by the reactivity study 
of [PdBr(J-2C,µ-S)]2 (16). Reaction with NaSCH(CH3)2 and NaBF4 led to the 
formation of a tetranuclear complex {Pd4[SCH(CH3)2]2(J-
2
C,µ-S)4}(2BF4) 
(18) with a [Pd4S4] macrocycle similar to that of 14. Future studies may aim at 
bigger thiolato-bridged aggregates as an entry to metallo-NHC based 
supramolecular chemistry.  
The thiolato-bridges of 12 were oxidized by oxone, which led to the 
isolation of complex [PdBr2(H-O3)(NCCH3)]NMe4 (15) bearing a dangling 
sulfonate group. Since complexes with such functions were conventionally 




provides the first template-directed approach to prepare such complexes. As 
complex 15 is slightly soluble in H2O, it is a good candidate as a precatalyst in 
aqueous media, and related studies are worth carrying out. 
 
 




In Chapter 4, donating capacities of several non-classical carbenes, i.e., 
the perimidin-2-ylidene, saturated 6- and 7-membered NHCs and mesoionic 
1,2,3-triazolin-5-ylidenes, were examined with the 
13
C NMR spectroscopic 






1,3-diisopropylbenzimidazolin-2-ylidene; L = non-classical carbene) were 
synthesized by one-pot reactions of ligand precursors with [PdBr2(
i
Pr2-bimy)]2 
and Ag2O. The reactions proceeded with dibenzylperimidinium salt LHBr, 6- 





Pr-bimy)O] (24) and 
trans-[PdBr2(
i
Pr-bimy)P] (25), respectively. Complexes 26-29 bearing 
different 1,2,3-triazolin-5-ylidenes were synthesized from triazolium salts 
carrying phenyl (QHBr), benzyl (RHBr, SHBF4), or isopropyl (THBr) 
groups. The 
13
C NMR spectra of these hetero-bis(carbene) complexes show 
two downfield signals corresponding to the probe 
i
Pr2-bimy and the respective 
non-classical carbene. The findings from the comparison of the carbene 
chemical shifts of 
i
Pr2-bimy with previously reported data for other NHCs are: 
(1) Perimidin-2-ylidenes are weaker donors than 
benzimidazolin-2-ylidenes, which can be explained by the second electron 
withdrawing benzene ring.  
(2) 1,2,3-Triazolin-5-ylidenes are more donating than classical NHCs, 




C NMR based methodology proved powerful in ranking the 




All these results above show the superiority of this newly developed tool 
over the conventional TEP-derived methods as questionable trends were 
obtained with the latter. 
(4) Saturated 6- and 7-membered NHCs, however, were determined to be 
less donating than the 5-membered analogue, which is against the expectation. 
This finding is ascribed to the larger N-Ccarbene-N angles, which bend the 
mesityl substituents toward the Pd centers. The carbene carbon atoms of 
i
Pr2-bimy ligands are thus influenced by the anisotropy effect of the aromatic 
rings, which shows the limitations of this method. Evaluations of NHC ligands 
with aliphatic substituents can be carried out to avoid such influences. A 
preliminary study in this direaction was not successful as the carbenes 
hydrolized under the wet reaction conditions. To solve this problem, other 
bases instead of Ag2O, which do not liberate H2O can be tested in future. 
Reaction conditions with the exclusion of moisture may also be necessary. In 
addition, the reaction with a modified sequence could also be tried, which 
involves the syntheses of Pd(II) dimeric complexes of 6- or 7-membered 
NHCs and subsequent cleavage of these dimers with 
1,3-diisopropylbenzimidazolium bromide in the presence of bases such as 
Ag2O.  
 




Metathesis reactions of complexes 26, 27 and 29 with AgO2CCF3 yielded 
complexes [Pd(O2CCF3)2(Q/R/T)2] (30/31/32) with labile trifluoroacetato 
ligands (Scheme 5.4). The catalytic activities of all six complexes were 
examined in the direct arylation of pentafluorobenzene. Complex 30 bearing 
the least donating 1,2,3-triazolin-5-ylidene and trifluoroacetato ligands were 
found to be the best precatalyst at low catalyst loadings.  
Based on these results, it will be of interest to extend the 
13
C NMR 
spectrometric methodology to other ligands to further explore its applications 
as well as limitations, and to modify, improve and promote it. The resulting 




Chapter 6. Experimental Section 
 
General Considerations  
Unless otherwise noted all operations were performed without taking 
precautions to exclude air and moisture. All solvents and chemicals were used 
as received without any further treatment if not noted otherwise. CH2Cl2 was 







F NMR spectra were recorded on a Bruker ACF 300 or AMX 500 
spectrometer and the chemical shifts () were internally referenced by the 




C) or externally to 
CF3CO2H (
19
F). Mass spectra were measured using a Finnigan MAT LCQ 
(ESI) or Finnigan MAT 95XL-T (FAB) spectrometer. Elemental analyses were 
performed on a Perkin-Elmer PE 2400 elemental analyzer at the Department 
of Chemistry, National University of Singapore.  
 
1-Benzylbenzimidazole 
Benzimidazole (1.180 g, 10 mmol) and NaOH aqueous 
solution (1.76 mL, 11 mmol, 6.25 mol/L) in CH3CN (10 mL) 
were stirred for 0.5 h. PhCH2Br (1.28 mL, 10 mmol) was added and the 
stirring continued overnight. All the volatiles were removed in vacuo. CH2Cl2 
(3 × 20 mL) was added to the residue, and the suspension was filtered. The 
solvent of the filtrate was removed and the resulting white solid was washed 
with diethyl ether until starting materials were removed (monitored by TLC). 
The solid insoluble in diethyl ether was redissolved in CH2Cl2 (10 mL) and 




compound as a white solid. Yield: 146 mg, 7 mmol, 70%. The 
1
H NMR 




1-benzyl-3-(2-bromoethyl)-benzimidazolium bromide (A)  
A mixture of 1-benzylbenzimidazole (1.458 g, 7 mmol) and 
1,2-dibromoethane (7 mL) was heated at 85 ºC overnight. 
After removing the volatiles in vacuo, CH2Cl2 (50 mL) was 
added to the residue and the resulting suspension was filtered over Celite. The 
remaining solid was washed with CH2Cl2 (4 × 20 mL) and the solvent of the 
filtrate was removed in vacuo to give a white solid. Yield: 2.550 g, 6.44 mmol, 
92%. 
1
H NMR (300 MHz, DMSO-d6): δ 10.12 (s, 1 H, NCHN), 8.19 (dd, 1 H, 
Ar-H), 8.00 (dd, 1 H, Ar-H), 7.69 (m, 2 H, Ar-H), 7.51 (dd, 2 H, Ar-H), 7.41 
(m, 3 H, Ar-H), 5.85 (s, 2 H, NCH2Ph), 5.03 (t, 
3
J(H,H) = 5.8 Hz, 2 H, NCH2), 
4.08 (t, 
3




H} NMR (75.47 MHz, 
DMSO-d6): 143.0 (s, NCHN), 133.9, 131.0, 130.7, 129.0, 128.8, 128.2, 126.9, 
114.1, 114.0 (s, Ar-C), 49.9 (s, NCH2Ph), 48.1 (s, NCH2), 31.1 (s, CH2Br). MS 
(ESI): m/z = 316 [M – Br]+. 
 
B2HBr 
A mixture of salt A (792 mg, 2 mmol) and 
Na2S·9H2O (240 mg, 1 mmol) in CH3CN was 
stirred at ambient temperature for 48 h. After 
removing the volatiles in vacuo, CH2Cl2 (3 × 20 mL) was added to the residue 
and the resulting suspension was filtered over Celite. The remaining solid left 




recrystallized from methanol. Yield: 0.579 g, 0.87 mmol, 87%. 
1
H NMR (300 
MHz, DMSO-d6): δ 10.39 (s, 2 H, NCHN), 8.20 (dd, 2 H, Ar-H), 7.98 (dd, 2 H, 
Ar-H), 7.65 (m, 4 H, Ar-H), 7.55 (d, 4 H, Ar-H), 7.37 (m, 6 H, Ar-H), 5.87 (s, 
4 H, NCH2Ph), 4.87 (t, 
3
J(H,H) = 6.3 Hz, 4 H, NCH2), 3.29 (t, 
3
J(H,H) = 6.3 




H} NMR (75.47 MHz, DMSO-d6): 142.9 (s, NCHN), 
134.0, 131.1, 130.6, 128.9, 128.7, 128.3, 126.74, 126.71, 114.2, 113.9 (s, 
Ar-C), 49.8 (s, NCH2Ph), 46.0 (s, NCH2), 29.4 (s, CH2S). MS (ESI): m/z = 585 
[M – Br]+, 252 [M – 2Br]2+. 
 
B2HNO3 
A mixture of salt B2HBr (266 mg, 0.4 mmol) 
and AgNO3 (136 mg, 0.8 mmol) in methanol 
(20 mL) was stirred at ambient temperature 
overnight. The resulting suspension was filtered from the precipitated AgBr 
over Celite and the solvent was removed in vacuo to give the product as a 
white powder. Yield: 207 mg, 0.329 mmol, 83%. 
1
H NMR (300 MHz, 
DMSO-d6): δ 10.15 (s, 2 H, NCHN), 8.16 (dd, 2 H, Ar-H), 7.97 (dd, 2 H, 
Ar-H), 7.66 (m, 4 H, Ar-H), 7.52 (dd, 4 H, Ar-H), 7.38 (m, 6 H, Ar-H), 5.83 (s, 
4 H, NCH2Ph), 4.83 (t, 
3
J(H,H) = 6.5 Hz, 4 H, NCH2), 3.24 (t, 
3
J(H,H) = 6.5 




H} NMR (75.47 MHz, DMSO-d6): 142.9 (s, NCHN), 
134.0, 131.2, 130.7, 129.0, 128.7, 128.2, 126.8, 126.7, 114.1, 113.9 (s, Ar-C), 
49.9 (s, NCH2Ph), 46.0 (s, NCH2), 29.4 (s, CH2S). MS (ESI): m/z = 566 [M – 
NO3]
+








A mixture of salt B2HBr (200 mg, 0.3 mmol) 
and 35% H2O2 (78 L, 0.9 mmol) in acetic acid 
(5 mL) was stirred at ambient temperature 
overnight. After removing the volatiles in vacuo, the residue was washed with 
THF (3 × 20 mL) to give an off-white powder. Yield: 185 mg, 0.27 mmol, 
91%. 
1
H NMR (300 MHz, DMSO-d6): δ 10.15 (s, 2 H, NCHN), 8.14 (dd, 2 H, 
Ar-H), 7.95 (dd, 2 H, Ar-H), 7.67 (m, 4 H, Ar-H), 7.51 (m, 4 H, Ar-H), 7.37 (m, 





J(H,H) = 6.0 Hz, 2 H, CHHS), 3.56 (dt, 
2
J(H,H) = 13.6 Hz,
 3
J(H,H) 




H} NMR (75.47 MHz, DMSO-d6): 143.1 (s, 
NCHN), 133.8, 131.2, 130.6, 128.9, 128.6, 128.3, 128.0, 126.7, 114.0, 113.97 
(s, Ar-C), 49.9 (s, NCH2Ph), 49.2 (s, NCH2), 41.3 (s, CH2S). MS (ESI): m/z = 




C)] (1)  
A mixture of salt B2HBr (200 mg, 0.3 mmol) and 
Pd(OAc)2 (67 mg, 0.3 mmol) in DMSO (5 mL) 
was stirred at 80 ºC overnight. The resulting 
mixture was filtered over Celite, and the solvent of the filtrate was removed by 
vacuum distillation. The resulting residue was washed with H2O (3 × 20mL). 
The residue was then dissolved in CH2Cl2 and filtered over Celite. The filtrate 
was dried under vacuum and the remaining solid was washed with THF to 





H NMR (500 MHz, DMSO-d6): δ 7.75 (d, 2 H, Ar-H), 7.26 (m, 4 H, Ar-H), 
7.19 (m, 4 H, Ar-H), 7.12 (m, 6 H, Ar-H), 6.86 (d, 2 H, Ar-H), 6.35 (d, 
2
J(H,H) 
= 16.4 Hz, 2 H, NCHHPh), 5.84 (m, 2 H, NCHH), 5.30 (d, 
2
J(H,H) = 16.4 Hz, 
2 H, NCHHPh), 4.85 (d, 
2





H} NMR (125.77 MHz, DMSO-d6): 175.2 (s, NCN), 135.2, 
133.6, 133.2, 128.4, 127.8, 126.9, 123.3, 123.2, 111.9, 111.7 (s, Ar-H), 51.5 (s, 
NCH2Ph), 50.3 (s, NCH2), 33.0 (s, CH2S). Anal. Calc. for C32H30Br2N4PdS: C, 
49.99; H, 3.93; N, 7.29. Found: C, 49.94; H, 3.92; N, 7.25%. MS (ESI): m/z = 




C)] (2)  
A mixture of salt C2HBr (205 mg, 0.3 mmol) and 
Pd(OAc)2 (67 mg, 0.3 mmol) in DMSO (5 mL) was 
stirred at 80 ºC overnight. The resulting mixture 
was filtered over Celite, and the solvent of the filtrate was removed by vacuum 
distillation. The resulting residue was washed with H2O (3 × 20 mL) and 
redissolved in CH2Cl2. Slow evaporation of CH2Cl2 solution afforded the 
product as a white solid. Yield: 120 mg, 0.15 mmol, 51%. 
1
H NMR (500 MHz, 
DMSO-d6): δ 7.93 (d, 2 H, Ar-H), 7.35 (m, 2 H, Ar-H), 7.24 (m, 2 H, Ar-H), 
7.18 (m, 6 H, Ar-H), 7.07 (m, 4 H, Ar-H), 6.90 (d, 2 H, Ar-H), 6.26 (d, 
2
J(H,H) 
= 16.4 Hz, 2 H, NCHHPh), 5.99 (m, 2 H, NCHH), 5.35 (d, 
2
J(H,H) = 16.4 Hz, 





H} NMR (125.77 MHz, DMSO-d6): 173.8 (s, NCN), 134.8, 
133.7, 133.5, 128.4, 127.8, 126.8, 123.8, 123.7, 112.1, 111.8 (s, Ar-H), 51.8 (s, 




C, 48.97; H, 3.85; N, 7.14. Found: C, 48.87; H, 4.05; N, 7.50%. MS (ESI): m/z 
= 705 [M – Br]+. 
 
[PdBr(B-3CSC)]NO3 (3)  
A mixture of salt B2HNO3 (198 mg, 0.32 
mmol), KBr (37.5 mg, 0.32 mmol) and 
Pd(OAc)2 (71 mg, 0.32 mmol) in DMSO (5 mL) 
was stirred at 80 ºC overnight. The resulting mixture was filtered over Celite, 
and the solvent of the filtrate was removed by vacuum distillation. The 
resulting residue was washed with H2O (3 × 20 mL), subsequently with 
CH2Cl2 (3 × 20 mL) and dried under vacuum to afford the product as a yellow 
powder. Yield: 162 mg, 0.215 mmol, 68%.
 1
H NMR (500 MHz, DMSO-d6): δ 
8.03 (d, 2 H, Ar-H), 7.70(d, 2 H, Ar-H), 7.47 (m, 2 H, Ar-H), 7.42 (m, 2 H, 
Ar-H), 7.35 (m, 4 H, Ar-H), 7.20 (m, 6 H, Ar-H), 6.36 (d, 
2
J(H,H) = 15.8 Hz, 2 
H, NCHHPh), 5.85 (d, 
2
J(H,H) = 15.8 Hz, 2 H, NCHHPh), 5.37 (d, 
2
J(H,H) = 
13.9 Hz, 2 H, NCHH), 5.03 (ps t, 
2
J(H,H) = 12.6 Hz, 2 H, CHHS), 3.73 (d, 
2
J(H,H) = 13.9 Hz, 2 H, NCHH), 3.44 (ps t, 
2




H} NMR (75.47 MHz, DMSO-d6): 176.6 (s, NCN), 136.4, 134.2, 133.6, 
129.0, 128.2, 127.7, 124.6, 124.5, 112.5, 112.4 (s, Ar-H), 51.4 (s, NCH2Ph), 
49.0 (s, NCH2), the signal for CH2S overlaps with those of DMSO-d6. Anal. 
Calc. for C32H30BrN5O3PdS: C, 51.18; H, 4.03; N, 9.33. Found: C, 50.81; H, 











A mixture of salt B2HBr (200 mg, 0.3 mmol), 
Ni(OAc)2 (53 mg, 0.3 mmol) and [N(n-Bu)4]Br 
(0.5 g) was dried under vacuum at 60 ºC for 3 h. 
After slowly heated to 120 ºC, the solid melted 
and the color changed to dark red. The mixture was stirred at this temperature 
under vacuum overnight. After it was cooled, H2O (20 mL) and CH2Cl2 (10 
mL) were added to the resulting solid. The organic phase was washed with 
H2O (3 × 20 mL) and dried over Na2SO4. Evaporation of the solution gave the 
product as a red solid. Yield: 119 mg, 0.165 mmol, 55%. 
1
H NMR (300 MHz, 
CDCl3): δ 7.50-7.08 (m, 22 H, Ar-H), 6.12 (br-s, 4 H, NCH2Ph), 5.48 (br-s, 4 




H} NMR (125.77 MHz, DMSO-d6): 
182.8 (s, NCN), 135.8, 135.3, 134.4, 128.9, 128.1, 123.1, 122.9, 111.3, 109.3 
(s, Ar-H), 53.0 (s, NCH2Ph), 46.8 (s, NCH2), 31.1 (s, CH2S). Anal. Calc. for 
C32H30Br2N4NiS: C, 53.29; H, 4.19; N, 7.77. Found: C, 53.13; H, 4.19; N, 
7.62%. MS (FAB): m/z = 641 [M – Br]+. 
 
1-Mesityl-3-bromoethylimidazolium bromide (D) 
A mixture of 1-mesitylimidazole (570 mg, 3.06 mmol) and 
1,2-dibromoethane (5 mL) was heated at 85 ºC overnight. After 
removing the volatiles in vacuo, acetone (4 × 20 mL) was 
added to the residue and the resulting suspension was filtered. 
The solvent of the filtrate was removed in vacuo to give a white solid. Yield: 
951 mg, 2.54 mmol, 83%. 
1
H NMR (500 MHz, CDCl3): δ 10.02 (s, 1 H, 




Ar-H), 5.18 (t, 
3
J(H,H) = 5.7 Hz, 2 H, NCH2), 4.00 (t, 
3
J(H,H) = 5.7 Hz, 2 H, 




H} NMR (125.77 
MHz, CDCl3): 141.4 (s, NCHN), 137.9, 134.3, 130.6, 129.8, 124.3, 123.0 (s, 
Ar-C), 51.2 (s, NCH2), 31.7 (s, CH2Br), 21.1 (s, p-CH3), 17.6 (s, o-CH3). MS 
(ESI): m/z = 295 [M – Br]+. 
 
E2HBr  
A mixture of salt D (748 mg, 2 mmol) and 
Na2S·9H2O (240 mg, 1 mmol) in CH3CN was 
stirred at ambient temperature for 48 h. All the 
volatiles were removed in vacuo and the resulting solid was washed with 
acetone (3  10 mL). To the white solid insoluble in acetone was added 
CH2Cl2 (10 mL) and the suspension was filtered. Removal of the solvent of 
the filtrate gave the product as a white solid. Yield: 447 mg, 0.72 mmol, 72%. 
1
H NMR (300 MHz, CDCl3):  10.26 (s, 2 H, NCHN), 8.85 (s, 2 H, NCH), 
7.08 (s, 2 H, NCH), 6.98 (s, 4 H, ArH), 5.02 (t, 3J(H, H) = 7.3 Hz, 4 H, 
NCH2), 3.54 (t, 
3





H} NMR (75.47 MHz, CDCl3): 141.6 (s, NCHN), 138.2, 
134.8, 131.2, 130.2, 125.4, 123.2 (s, Ar-C), 49.8 (s, NCH2), 32.0 (s, CH2S), 











A mixture of imidazole (681 mg, 10 mmol) and NaOH aqueous 
solution (6.25 mol/L) (1.76 mL, 11 mmol) was stirred at ambient 
temperature for 0.5 h, followed by the addition of benzylbromide (1.19 mL, 10 
mmol). The mixture was stirred at ambient temperature overnight. After the 
solvent was removed in vacuo, H2O was added to the product mixture, and the 
resulting aqueous solution was extracted with diethyl ether (4 × 20 mL). 
Evaporation of diethyl ether gave the product as a white solid. Yield: 0.687 g, 
4.3 mmol, 43%. The 
1
H NMR spectrum is consistent with literature data.
89 
 
1-Benzyl-3-(2-bromoethyl)-imidazolium bromide (F)  
A mixture of 1-benzylimidazole (687 mg, 4.3 mmol) and 
1,2-dibromoethane (3 mL) was heated at 85 ºC overnight. All 
the volatiles were removed in vacuo and CH2Cl2 (20 mL) was 
added to dissolve the residue. Removing CH2Cl2 gave the product as a yellow 
oil. Yield: 1303 mg, 3.8 mmol, 88%. 
1
H NMR (300 MHz, CDCl3):  10.16 (s, 
1 H, NCHN), 7.86 (s, 1 H, NCH), 7.38 (s, 1 H, NCH), 7.30 (m, 2 H, Ar-H), 
7.17 (m, 3 H, Ar-H), 5.43 (s, 2 H, NCH2Ph), 4.69 (t, 
3
J(H, H) = 5.7 Hz, 2 H, 
NCH2), 3.74 (t, 
3




H} NMR (75.47 MHz, 
CDCl3): 136.4 (s, NCHN), 132.6, 129.0, 128.9, 128.3, 122.9, 121.6 (s, Ar-C), 










A mixture of salt F (692 mg, 2 mmol) and 
Na2S·9H2O (240 mg, 1 mmol) in CH3CN (10 mL) 
was stirred at ambient temperature for 48 h. The 
precipitation was filtered off and the solvent of the filtrate was removed. The 
residue was washed repetitively with ethyl acetate until the starting material 
was removed. Yield: 395 mg, 0.7 mmol, 70%. 
1
H NMR (300 MHz, 
DMSO-d6):  9.67 (s, 2 H, NCHN), 7.98 (s, 2 H, NCH), 7.90 (s, 2 H, NCH), 
7.44-7.37 (m, 10 H, Ar-H), 5.51 (s, 4 H, NCH2Ph), 4.47 (t, 
3
J(H, H) = 6.6 Hz, 
4 H, NCH2), 3.10 (t, 
3




H} NMR (75.47 
MHz, DMSO-d6): 137.1 (s, NCHN), 135.4, 129.4, 129.2, 128.8, 123.5, 122.9 
(s, Ar-C), 52.3 (s, NCH2Ph), 48.5 (s, NCH2), 30.4 (s, CH2S). MS (ESI): m/z = 
202 [M  2Br]2+, 485 [M  Br]+. 
 
[PdBr(E-κ3CSC)]Br (5)  
Salt E2HBr (124 mg, 0.2 mmol) and Pd(OAc)2 (45 
mg, 0.2 mmol) were dissolved in DMSO (5 mL) and 
heated at 70 ºC overnight. The color of the reaction 
mixture turned from red to brown. After DMSO was removed by vacuum 
distillation, the residue was washed with H2O (3  10 mL) and ether (3  10 
mL). MeOH (20 mL) was added to dissolve the product. After the solvent of 
the filtrate was removed the product was isolated as a yellow solid. Yield: 88 
mg, 0.12 mmol, 61%.
1
H NMR (500 MHz, CDCl3):  7.36 (s, 2 H, NCH), 6.83 




NCHH), 4.52 (ps-d, 2 H, CHHS), 3.13 (ps-t, 2 H, CHHS), 2.33 (s, 6 H, p-Me), 




H} NMR (125.77 MHz, 
CDCl3): 166.3 (s, NCN), 138.5, 135.7, 135.0, 133.6, 129.2, 128.4, 124.1, 
121.8 (s, Ar-C), 53.6 (s, NCH2), 38.3 (s, CH2S), 21.2 (s, p-Me), 19.0 (s, o-Me), 
18.8 (s, o-Me). Anal. Calc. for C28H34Br2N4PdS: C, 46.39; H, 4.73; N, 7.73. 
Found: C, 45.90; H, 5.27; N, 7.36%. MS (ESI): m/z = 645 [M  Br]+. 
 
[PdBr(G-κ3CSC)]Br (6) 
A mixture of salt G2HBr (773 mg, 1.4 mmol) and 
Ag2O (348 mg, 1.5 mmol) was stirred in MeOH (5 
mL) at ambient temperature for 6 h shielded from 
light. The resulting Ag-carbene complex was then filtered into a CH3CN 
solution of [PdBr2(CH3CN)2], which was in turn prepared in situ by heating 
PdBr2 (365 mg, 1.4 mmol) in CH3CN (5 mL) at 70 ºC for 6 h. Immediate 
precipitation of AgBr was observed. The reaction mixture was stirred at 
ambient temperature overnight. All the volatiles were removed in vacuo and 
MeOH (20 mL) was added to the residue. The resulting suspension was 
filtered over Celite and the solvent of the filtrate was removed under vacuum 
to afford the product as a yellow solid. Yield: 392 mg, 0.59 mmol, 43%. Slow 
evaporation of a concentrated methanolic solution afforded yellow crystals. 
1
H 
NMR (500 MHz, DMSO-d6):  7.53 (d, 2J(H, H) = 1.9 Hz, 2 H, NCH), 7.44 
(d, 
2
J(H, H) = 1.9 Hz, 2 H, NCH), 7.25 (m, 10 H, Ar-H), 5.96 (br, 2 H, NCHH), 
5.39 (br, 2 H, NCHH), 4.74 (br, 4 H, NCH2Ph), 3.52 (br, 2 H, CHHS), 3.14 (br, 








137.6, 129.1, 128.3, 128.0, 123.4, 123.39 (s, Ar-C), 53.7 (s, NCH2Ph), 52.3 (s, 
NCH2), 38.5 (s, CH2S). Anal. Calc. for C24H26Br2N4PdS: C, 43.10; H, 3.92; N, 
8.38. Found: C, 42.77; H, 3.66; N, 8.32%. MS (ESI): m/z = 589 [M  Br]+. 
 
[PtBr3(E-2H)]Br (8) 
Salt E2HBr (620 mg, 1 mmol) and 
PtBr2 (355 mg, 1 mmol) were 
dissolved in CH3CN (10 mL) and 
heated at refluxing temperature overnight. After the mixture was cooled, the 
solvent was removed in vacuo to give an orange solid. Yield: 927 mg, 0.95 
mmol, 95%. 
1
H NMR (300 MHz, CDCl3):  9.61 (s, 2 H, NCHN), 8.18 (s, 2 H, 
NCH), 7.96 (s, 2 H, NCH), 7.15 (s, 4 H, Ar-H), 4.60 (t, 
3
J(H, H) = 5.94 Hz, 4 
H, NCH2), 3.23 (t, 
3
J(H, H) = 5.94 Hz, 4 H, CH2S), 2.33 (s, 6 H, p-Me), 2.03 
(s, 12 H, o-Me). MS (ESI): m/z = 895 [M  Br]+. 
 
[PtBr3(G-2H)]Br (9) 
Complex 9 was synthesized in 
analogy to 8 from G2HBr (165 mg, 
0.29 mmol) and PtBr2 (104 mg, 0.29 
mmol). Yield: 261 mg, 0.28 mmol, 97%.
 1
H NMR (300 MHz, DMSO-d6): δ 
9.38 (s, 2 H, NCHN), 7.84 (s, 4 H, NCHCHN), 7.42 (br-s, 10 H, Ar-H), 5.47 (s, 
CH2Ph), 4.43 (t, 
3
J(H, H) = 6.6 Hz, 4 H, NCH2), 3.05 (t, 
3





H} NMR (75.48 MHz, DMSO-d6): δ 136.4 (NCHN), 134.7, 









8 (293 mg, 0.3 mmol) and Ag2O (104 mg, 0.45 mmol) 
were suspended in CH3CN (5 mL) and heated at 
refluxing temperature overnight. The resulting 
mixture was cooled and filtered over Celite to remove the precipitate. After the 
solvent of the filtrate was removed in vacuo, 10 was isolated as a white solid. 
Yield: 171 mg, 0.21 mmol, 70%. 
1
H NMR (500 MHz, CDCl3):  7.60 (s, 2 H, 
NCH), 7.35 (s, 2 H, NCH), 6.87 (s, 2 H, Ar-H), 6.77 (s, 2 H, Ar-H), 4.68 (ps-t, 
2 H, NCHH), 4.59 (ps-t, 2 H, NCHH), 3.62 (ps-d, 2 H, CHHS), 3.23 (ps-t, 2 H, 





NMR (125.77 MHz, CDCl3): 160.2 (s, NCN), 137.9, 135.3, 135.2, 134.1, 
128.8, 128.7, 124.6, 122.5 (s, Ar-C), 51.9 (s, NCH2), 37.2 (s, CH2S), 21.2 (s, 
p-Me), 19.0 (s, o-Me), 18.8 (s, o-Me). MS (ESI): m/z = 733 [M  Br]+. 
 
[PtBr(G-κ3CSC)]Br (11) 
Complex 11 was synthesized in analogy to 10 from 9 
(250 mg, 0.27 mmol) and Ag2O (126 mg, 0.54 mmol). 
The reaction time was prolonged to 48 h. Yield: 146 mg, 
0.19 mmol, 71%. 
1
H NMR (300 MHz, DMSO-d6): δ 7.48 (s, 2 H, NCH), 7.44 
(s, 2 H, NCH), 7.23 (m, 10 H, Ar-H), 6.05 (d, 
3
JHH = 14.8 Hz, 2 H, NCHHPh), 
5.32 (d, 
3
JHH = 14.8 Hz, 2 H, NCHHPh), 4.57 (m, 4 H, NCH2), 3.55 (ps-d, 2 H, 








159.6 (NCN), 137.1, 128.6, 127.8, 127.5, 122.6, 122.5 (Ar-C), 52.7 (CH2Ph), 





A mixture of salt A (792 mg, 2 mmol) and KSCOCH3 
(274 mg, 2.4 mmol) in CH3CN (20 mL) was stirred at 
ambient temperature overnight. The resulting 
suspension was filtered, and the solvent of the filtrate was removed in vacuo. 
The resulting solid was washed with THF (3 × 20 mL) to give the product as a 
off-white solid. Yield: 584 mg, 1.49 mmol, 75%. 
1
H NMR (300 MHz, 
DMSO-d6): δ 10.11 (s, 1 H, NCHN), 8.17 (d, 
3
J(H,H) = 8.1 Hz, 1 H, Ar-H), 
7.97 (d, 
3
J(H,H) = 8.1 Hz, 1 H, Ar-H), 7.68 (m, 2 H, Ar-H), 7.52 (d, 2 H, 
Ar-H), 7.40 (m, 3 H, Ar-H), 5.84 (s, 2 H, NCH2Ph), 4.75 (t, 
3
J(H,H) = 6.3 Hz, 
2 H, NCH2), 3.44 (t, 
3




H} NMR (75.47 MHz, DMSO-d6): 194.7 (s, CO), 142.7 (s, NCHN), 
134.0, 131.2, 130.7, 128.9, 128.6, 128.1, 126.7, 113.9, 113.8 (s, Ar-C), 49.8 (s, 
NCH2Ph), 46.2 (s, NCH2), 30.4 (s, CH3), 27.8 (s, CH2S). MS (ESI): m/z = 311 
[M – Br]+. 
 
HH2Br 
To a MeOH (5 mL) solution of salt HAcHBr (82 mg, 0.21 
mmol) was added aqueous HBr solution (2 mL, 2 M). The 
mixture was degassed and heated to reflux under nitrogen 




were removed in vacuo to give the product as a white solid. Yield: 67 mg, 0.19 
mmol, 92%. 
1
H NMR (500 MHz, CD3CN): δ 9.69 (s, 1 H, NCHN), 7.97 (d, 
3
J(H,H) = 8.2 Hz, 1 H, Ar-H), 7.81 (d, 
3
J(H,H) = 8.2 Hz, 1 H, Ar-H), 7.68 (m, 
2 H, Ar-H), 7.51 (m, 2 H, Ar-H), 7.46 (m, 3 H, Ar-H), 5.71 (s, 2 H, NCH2Ph), 
4.67 (t, 
3
J(H,H) = 6.3 Hz, 2 H, NCH2), 3.07 (t, 
3
J(H,H) = 6.3 Hz, 2 H, CH2S), 




H} NMR (125.77 MHz, CD3CN): 142.7 (s, NCHN), 
134.0, 132.4, 132.2, 130.0, 129.9, 129.3, 127.96, 127.95, 114.59, 114.57 (s, 
Ar-C), 51.6 (s, NCH2Ph), 50.4 (s, NCH2), 24.4 (s, CH2S). MS (ESI): m/z = 269 
[M – Br]+. 
 
[PdBr(H-2C,µ-S)]2 (12) 
Method 1: A mixture of salt HH2Br (67 mg, 
0.19 mmol) and Pd(OAc)2 (43 mg, 0.19 mmol) 
was heated under reflux in degassed CH3CN 
under nitrogen overnight. The resulting brown 
solid was filtered and dissolved in CH2Cl2 (10 mL). The mixture was filtered, 
the residue was washed with CH2Cl2 (2 × 10 mL) and the filtrate was collected 
and dried under vacuum to give the product as a yellow solid. Yield: 66 mg, 
0.073 mmol, 76%. Method 2: A mixture of salt HAcHBr (117 mg, 0.3 mmol) 
and Pd(OAc)2 (67 mg, 0.3 mmol) in DMSO (5 mL) was stirred at 80 ºC 
overnight. The resulting yellow solid product was filtered and washed with 
H2O (3 × 20 mL). A second crop of the product can be isolated from the 
filtrate after vacuum distillation, washing with H2O (3 × 20 mL) and 




ethyl acetate. Yield: 101 mg, 0.111 mmol, 74%. 
1
H NMR (300 MHz, CDCl3): 
δ 7.48-7.40 (m, 6 H, Ar-H), 7.36-7.19 (m, 12 H, Ar-H), 6.63 (d, 2J(H,H) = 15.6 
Hz, 2 H, NCHHPh), 5.58 (d, 
2
J(H,H) = 15.6 Hz, 2 H, NCHHPh), 4.88 (ps-d, 2 





H} NMR (75.47 MHz, CDCl3): 175.4 (s, NCN), 136.4, 134.9, 
134.3, 129.5, 128.7, 128.3, 124.44, 124.40, 112.7, 111.2 (s, Ar-H), 53.9 (s, 
NCH2Ph), 52.3 (s, NCH2), 26.8 (s, CH2S). Anal. Calcd for C32H30Br2N4Pd2S2: 
C, 42.36; H, 3.33; N, 6.17. Found: C, 42.50; H, 3.50; N, 6.06%. MS (ESI): m/z 





A mixture of 12 (87 mg, 0.096 mmol) and 
AgO2CCF3 (42 mg, 0.192 mmol) was 
suspended in CH3CN (10 mL) and heated at 
70 ºC overnight shielded from light. The 
reaction mixture was filtered over Celite, and the solvent of the filtrate was 
evaporated off to afford the product as a yellow solid. Yield: 94 mg, 0.096 
mmol, quantitative. 
1
H NMR (500 MHz, CDCl3): δ 7.43-7.30 (m, 14 H, Ar-H), 
7.23 (m, 4 H, Ar-H), 5.95 (d, 
2
J(H,H) = 15.8 Hz, 2 H, NCHHPh), 5.56 (d, 
2
J(H,H) = 15.8 Hz, 2 H, NCHHPh), 4.87 (ps-t, 2 H, NCHH), 4.77 (ps-d, 2 H, 





(125.77 MHz, CDCl3): 171.4 (s, NCN), 161.5 (q, 
2
J(C,F) = 36 Hz, COO), 
135.1, 133.6, 133.2, 128.9, 128.2, 127.2, 124.1, 124.0 (s, Ar-H), 115.7 (q, 
1
J(C,F) = 291 Hz, CF3), 112.1, 110.7 (s, Ar-H), 51.4 (s, NCH2Ph), 50.6 (s, 
NCH2), 24.9 (s, CH2S). 
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Calcd for C36H30F6N4O4Pd2S2: C, 44.41; H, 3.11; N, 5.75. Found: C, 44.35; H, 
3.05; N, 5.59%. MS (ESI): m/z = 861 [M – O2CCF3]
+







Method 1: A mixture of 12 (91 mg, 0.1 
mmol) and Me3OBF4 (44 mg, 0.3 
mmol) in dry CH2Cl2 (10 mL) was 
heated under reflux overnight. The 
resulting mixture was filtered and the 
product was obtained as a yellow 
powder. Yield: 52 mg, 0.028 mmol, 57%. Method 2: A mixture of 12 (91 mg, 
0.1 mmol) and AgBF4 (19.5 mg, 0.1 mmol) in dry CH2Cl2 (10 mL) was heated 
under reflux overnight shielded from light. The precipitate was filtered and 
washed with CH2Cl2 (2 × 10 mL). The residue was redissolved with DMF 
(3 × 10 mL) and filtered through Celite. The solvent of the filtrate was 
removed under vacuum to afford the product as a yellow solid. Yield: 62 mg, 
0.034 mmol, 68%. 
1
H NMR (500 MHz, DMSO-d6): δ 8.06 (d, 2 H, Ar-H), 
7.80-7.74 (m, 4 H, Ar-H), 7.55-7.26 (m, 30 H, Ar-H), 6.17 (d, 
2
J(H,H) = 15.8 
Hz, 2 H, CHHPh), 5.96 (d, 
2
J(H,H) = 15.8 Hz, 2 H, CHHPh), 5.85 (br s, 4 H, 
CH2Ph), 5.61 (ps-d, 2 H, NCHH), 5.32 (ps-d, 2 H, NCHH), 5.24 (ps-t, 2 H, 
NCHH), 4.92 (ps-t, 2 H, NCHH), 3.96 (ps-d, 2 H, CHHS), 2.64 (ps-t, 2 H, 





(125.77 MHz, DMSO-d6): 168.1 (s, NCN), 166.0 (s, NCN), 135.7, 135.6, 
134.3, 133.8, 133.4, 129.4, 129.2, 128.8, 128.5, 128.0, 127.8, 127.3, 125.3, 








H} NMR (282.37 MHz, DMSO-d6): -72.28 
(s, 
10
BF4), -72.33 (s, 
11
BF4). Anal. Calcd for C64H60B2Br2F8N8Pd4S4: C, 42.04; 
H, 3.31; N, 6.13. Found: C, 41.92; H, 3.30; N, 6.09%. MS (ESI): m/z = 827 
[M – 2BF4]
2+





12 (45 mg, 0.05 mmol), oxone (92 mg, 0.15 mmol) 
and NMe4Br (39 mg, 0.25 mmol) in DMF (5 mL) 
and H2O (2 mL) were stirred at ambient temperature 
overnight. After the solvent was removed, the 
resulting solid was triturated with CH3CN (3 × 5 mL) and the suspension 
filtered. The solvent of the filtrate was removed and the residue was washed 
with H2O (3 × 3 mL) and redissolved in CH3CN (5 mL). Removal of the 
solvent gave the product as a yellow powder. A second batch was obtained by 
removing the solvent of the aqueous solution, washing the residue with less 
amount of H2O (3 × 1 mL), and redissolving it in CH3CN (5 mL). Yield: 60 
mg, 0.086 mmol, 86%. 
1
H NMR (500 MHz, CD3CN): δ 7.62 (d, 1 H, Ar-H), 
7.54 (d, 2 H, Ar-H), 7.53-7.30 (m, 4 H, Ar-H), 7.17-7.14 (m, 2 H, Ar-H), 6.04 
(s, 2 H, CH2Ph), 5.12-5.09 (m, 2 H, NCH2), 3.34-3.31 (m, 2 H, CH2SO3), 3.10 
(s, 12H, NMe4), 1.96 (s, CH3CN, correct integration is not possible due to 




H} NMR (125.77 MHz, CD3CN): 
161.4 (s, NCN), 135.9, 135.1, 134.6, 129.4, 128.89, 128.87, 124.5, 124.2 (s, 
Ar-H), 118.3 (s, CN), 112.2, 111.9 (s, Ar-H), 56.0 (t, 
1
J(C,N) = 4.10 Hz, 
NMe4), 53.6 (s, CH2Ph), 50.8 (s, NCH2), 46.4 (s, CH2SO3), 1.32 (m, CH3CN, 










Thioester imidazolium salt (JAcHBr) 
A mixture of salt D (374 mg, 1 mmol) and KSCOCH3 
(137 mg, 1.2 mmol) in CH3CN (10 mL) was stirred at 
ambient temperature overnight. The resulting 
suspension was filtered and the solvent of the filtrate 
was removed to yield the product as brown oil quantitatively (369 mg, 1 
mmol). 
1
H NMR (300 MHz, DMSO-d6): δ 10.06 (s, 1 H, NCHN), 8.01 (s, 1 
H, NCHCHN), 7.16 (t, 1 H, NCHCHN), 6.94 (s, 2 H, Ar-H), 4.88 (t, 
3
J(H,H) 
= 6.1 Hz, 2 H, NCH2), 3.48 (t, 
3
J(H,H) = 6.1 Hz, 2 H, CH2S), 2.27 (s, 3 H, 





(75.47 MHz, DMSO-d6): 195.0 (s, CO), 141.5 (s, NCHN), 138.3, 134.5, 
131.0, 130.1, 124.4, 123.3 (s, Ar-C), 49.8 (s, NCH2), 30.9 (s, CH3), 30.1 (s, 




[PdBr(J-2C,µ-S)]2 (16) & [Pd2Br2(J-
2
C,µ-S)(J’-2C,µ-S)] (17) 
A mixture of salt 
JAcHBr (506 
mg, 1.37 mmol) 
and Pd(OAc)2 (307 mg, 1.37 mmol) in DMSO (5 mL) was stirred at 80 ºC 
overnight. The resulting mixture was filtered and the solvent of the filtrate 
was removed by vacuum distillation. The resulting residue was washed 




chromatography on silica using ethyl acetate: hexane (0.8:1). Yield: 16, 261 





NMR (500 MHz, CDCl3): δ 7.05 (d, 
3
J(H,H) = 1.9 Hz, 2 H, 2 × NCHCHN), 
6.98 (s, 2 H, Ar-H), 6.95 (s, 2 H, Ar-H), 6.80 (d, 
3
J(H,H) = 1.9 Hz, 2 H, 2 × 
NCHCHN), 4.44 (ps-t, 2 H, 2 × NCHH), 4.32 (ps-d, 2 H, 2 × NCHH), 3.66 
(ps-d, 2 H, 2 × CHHS), 2.33 (s, 6 H, 2 × p-CH3), 2.23 (s, 6 H, 2 × o-CH3), 





(125.77 MHz, CDCl3): 163.8 (s, NCN), 138.7, 135.8, 135.6, 134.9, 129.2, 
129.0, 123.5, 120.9 (s, Ar-H), 56.0 (s, NCH2), 25.6 (s, CH2S), 21.2 (s, 
p-CH3), 19.3, 19.1 (s, o-CH3). Anal. Calc. for C28H34Br2N4Pd2S2: C, 38.95; 
H, 3.97; N, 6.49. Found: C, 39.06; H, 3.84; N, 6.13%. MS (ESI): m/z = 782 
[M – Br]+. Complex 17: 1H NMR (500 MHz, DMSO-d6): δ 8.90 (d, 4J(H,H) 
= 1.9 Hz, 1 H, NCHN), 7.63 (d, 
4
J(H,H) = 1.9 Hz, 1 H, NCHCN), 7.34 (d, 
3
J(H,H) = 1.9 Hz, 1 H, NCHCHN), 7.09 (s, 2 H, Ar-H), 7.02 (s, 1 H, Ar-H), 
6.97 (s, 1 H, Ar-H), 6.85 (d, 
3
J(H,H) = 1.9 Hz, 1 H, NCHCHN), 4.70 (ps-d, 
1 H, NCHH), 4.60 (ps-d, 1 H, NCHH), 4.19 (ps-t, 1 H, NCHH), 3.96 (ps-t, 
1 H, NCHH), 3.46 (ps-d, 1 H, CHHS), 3.19 (ps-d, 1 H, CHHS), 2.32 (s, 6 H, 
2 × p-CH3), 2.17 (s, 3 H, o-CH3), 2.15 (s, 3 H, o-CH3), 2.01 (s, 5 H, o-CH3 




H} NMR (125.77 MHz, DMSO-d6): 
162.9 (s, NCN), 139.8 (s, NCCHN), 138.1, 136.3, 135.9, 135.7, 135.2, 
134.9, 134.8, 134.6, 132.4, 129.5, 129.2, 129.1, 127.3, 124.4, 122.7 (s, 
Ar-H), 55.4, 54.8 (s, NCH2), 26.9, 23.3 (s, CH2S), 21.1, 21.0 (s, p-CH3), 
19.3, 19.1, 17.3 (s, o-CH3). Anal. Calc. for C28H34Br2N4Pd2S2: C, 38.95; H, 








A mixture of 2-propanethiol (9.2 μl, 0.1 
mmol) and NaOH aqueous solution 
(16.0 μl, 0.1 mmol, 6.25 mol/L) was 
stirred in degassed CH3CN for 0.5 h. 
Complex 16 (43 mg, 0.05 mmol) and 
NaBF4 (5 mg, 0.05 mmol) were added. After heating at 70 ºC overnight, the 
mixture was filtered over Celite. The solvent of the filtrate was removed to 
give a yellow solid. The compound was recrystallized by slow evaporation of 
a acetone/toluene solution. Yield: 20 mg, 0.012 mmol, 46%. 
1
H NMR (500 
MHz, CDCl3): δ 7.35 (s, 2 H, Ar-H), 7.31 (s, 2 H, Ar-H), 6.99 (s, 2 H, Ar-H), 
6.97 (s, 2 H, Ar-H), 6.91 (s, 2 H, Ar-H), 6.89 (s, 2 H, Ar-H), 6.84 (s, 2 H, 
Ar-H), 6.74 (s, 2 H, Ar-H), 4.91-4.84 (m, 4 H, 2 × NCH2), 4.76 (m, 2 H, 2 × 
NCHH), 4.49 (m, 2 H, 2 × NCHH), 2.49 (m, 2 H, 2 × SCH), 2.33 (s, 12 H, 4 × 
Me), 2.16 (m, 16 H, 4 × Me + 2 × CH2S), 2.02 (s, 6 H, 2 × Me), 1.98 (s, 6 H, 2 





H} NMR (125.77 MHz, CDCl3): 169.1 (s, NCN), 166.5 (s, NCN), 
140.4, 139.9, 136.1, 136.0, 135.96, 135.5, 135.2, 134.8, 130.2, 130.1, 130.0, 
129.9, 124.2, 123.9, 122.8, 122.4 (s, Ar-C), 55.9, 55.4, 39.5, 34.8, 32.6, 31.7, 
30.2, 29.1, 23.4, 21.8, 21.7, 19.8, 19.7, 19.1, 19.0, 14.8 (s, Ali-C). MS (ESI): 
m/z = 779 [M – 2BF4]
2+











Complex 19 was synthesized in analogy to 4 
from salt HAcHBr (117 mg, 0.3 mmol), 
Ni(OAc)2 (53 mg, 0.3 mmol) and [N(n-Bu)4]Br 
(0.5 g). After the organic phase was washed 
with H2O and dried over Na2SO4, it was passed through a short plug of silica 
gel. Removal of the solvent in vacuo afforded the product as a red solid. Yield: 
81 mg, 0.10 mmol, 68%. 
1
H NMR (500 MHz, CDCl3): δ 7.61 (d, 4 H, Ar-H), 
7.38-7.28 (m, 8 H, Ar-H), 7.24-7.13 (m, 6 H, Ar-H), 6.71 (d, 
2
J(H,H) = 15.8 
Hz, 2 H, NCHHPh), 5.61 (d, 
2
J(H,H) = 15.8 Hz, 2 H, NCHHPh), 5.02 (ps-t, 2 





H} NMR (125.77 MHz, CDCl3): 176.1 (s, NCN), 136.0, 135.0, 
134.0, 128.8, 128.0, 127.9, 123.04, 123.02, 111.1, 109.9 (s, Ar-H), 52.7 (s, 
NCH2Ph), 49.4 (s, NCH2), 25.6 (s, CH2S). Anal. Calcd for C32H30Br2N4Ni2S2: 
C, 47.34; H, 3.72; N, 6.90. Found: C, 47.47; H, 3.75; N, 6.62%. MS (FAB): 





Salt HAcHBr (391 mg, 1 mmol) and 
PtBr2 (355 mg, 1 mmol) were dissolved 
in CH3CN (5 mL) and heated under reflux 
overnight. The resulting orange solid was 
collected by filtration and washed with DMF until the color turned yellow. 




dried. The DMF solution was left to stand and the second batch of the product 
was isolated by collecting the yellow precipitate and washing it with diethyl 
ether (3 × 5 mL). Yield: 374 mg, 0.3 mmol, 60%. 
1
H NMR (300 MHz, 
DMSO-d6): δ 10.15 (s, 1 H, NCHN), 10.08 (s, 1 H, NCHN), 8.29 (d, 1 H, 
Ar-H), 8.20 (d, 1 H, Ar-H), 7.93 (s, 2 H, Ar-H), 7.66-7.39 (m, 14 H, Ar-H), 





(75.47 MHz, DMSO-d6): 143.1, 143.0 (s, NCHN), 134.2, 134.16, 131.9, 131.7, 
131.3, 129.3, 129.1, 128.7, 127.1, 114.3 (s, Ar-C), 50.4 (s, CH2Ph), 48.5 (d, 
3
J(C,Pt) = 42 Hz, NCH2), 30.2 (d, 
2
J(C,Pt) = 55 Hz, CH2S). MS (ESI): m/z = 
1244 [M – Br]+. 
 
[PtBr(H-2C,µ-S)]2 (21) 
Complex 20 (374 mg, 0.3 mmol) and Ag2O 
(70 mg, 0.3 mmol) were suspended in CH3CN 
(10 mL) and heated at 75 ºC overnight. The 
mixture was cooled and filtered over Celite to 
remove the precipitate. After the solvent of the filtrate was removed in vacuo, 
the resulting solid was redissolved in CH2Cl2 (10 mL) and passed through a 
short plug of silica gel. Removal of the solvent afforded the product as a 
yellow solid. Yield: 172 mg, 0.16 mmol, 53%.
 1
H NMR (500 MHz, CDCl3): δ 
7.86 (d, 2 H, Ar-H), 7.57-7.52 (m, 6 H, Ar-H), 7.38-7.28 (m, 10 H, Ar-H), 6.48 
(d, 
2
J(H,H) = 15.8 Hz, 2 H, NCHHPh), 5.68 (d, 
2
J(H,H) = 15.8 Hz, 2 H, 
NCHHPh), 5.03 (ps-d, 2 H, NCHH), 4.31 (ps-d, 2 H, NCHH), 3.76 (ps-d, 2 H, 




H} NMR (125.77 MHz, CDCl3): 161.5 




(s, Ar-H), 51.2 (s, NCH2Ph), 50.4 (s, NCH2), 23.1 (s, CH2S). Anal. Calcd for 
C32H30Br2N4Pt2S2: C, 35.43; H, 2.79; N, 5.17. Found: C, 35.40; H, 2.73; N, 







A mixture of 21 (54 mg, 0.05 mmol) 
and Me3OBF4 (22 mg, 0.15 mmol) in 
dry CH2Cl2 (5 mL) was heated under 
reflux overnight. The resulting 
mixture was filtered and the product 
was obtained as an off white powder. 
Yield: 17 mg, 0.008 mmol, 30%. 
1
H NMR (500 MHz, DMSO-d6): δ 8.02 (d, 2 
H, Ar-H), 7.75 (d, 4 H, Ar-H), 7.54-7.29 (m, 30 H, Ar-H), 6.14 (d, 
2
J(H,H) = 
15.1 Hz, 2 H, CHHPh), 5.78 (d, 
2
J(H,H) = 15.1 Hz, 2 H, CHHPh), 5.72 (br s, 
4 H, CH2Ph), 5.44 (ps-d, 2 H, NCHH), 5.25 (ps-d, 2 H, NCHH), 5.10 (ps-t, 2 
H, NCHH), 4.92 (ps-t, 2 H, NCHH), 4.05 (ps-d, 2 H, CHHS), 2.94 (ps-t, 2 H, 





(125.77 MHz, DMSO-d6): 148.8, 147.1 (s, NCN), 135.5, 135.48, 133.8, 133.6, 
133.1, 129.4, 129.1, 128.8, 128.4, 127.7, 127.2, 125.2, 125.16, 124.9, 113.1, 
113.0, 112.8, 112.5 (s, Ar-H), 51.0, 50.6 (s, CH2Ph), 50.3, 49.1 (s, NCH2), 33.9, 



















Naphthalene-l,8-diamine (1.582 g, 10 mmol) and formic acid (3 
mL) were heated at refluxing temperature overnight. All the 
volatiles were removed in vacuo. The resulting yellow solid was washed with 
H2O (3 × 10 mL) and dried.
90
 Yield: 1.598 g, 0.95 mmol, 95%. 
1
H NMR (300 
MHz, DMSO-d6): δ 10.45 (br-s, 1 H, NH), 7.23 (s, 1 H, NCHN), 7.06-6.92 (m, 
4 H, Ar-H), 6.35 (s, 2 H, Ar-H). 
 
1-Benzyl perimidine (K) 
Perimidine (168 mg, 1 mmol) was stirred with NaOH (0.176 mL, 
1.1 mmol, 6.25 mol/L) in degassed CH3CN (10 mL) for 0.5 h. 
PhCH2Br (0.119 mL, 1 mmol) was added under N2 and the 
resulting mixture was stirred overnight at ambient temperature. The solvent 
was removed in vacuo and CH2Cl2 (3 × 5 mL) was added to the residue and 
filtered. The yellow solid obtained after the removal of the solvent was 
subjected to column chromatography (SiO2, hexane:ethyl acetate = 2.5:1). 
Yield: 181 mg, 0.7 mmol, 70%. 
1
H NMR (300 MHz, CDCl3): δ 7.40 (s, 1 H, 
NCHN), 7.37-7.30 (m, 5 H, Ar-H), 7.27-6.97 (m, 4 H, Ar-H), 6.91 (d, 1 H, 
3
J(H, H) = 7.3 Hz, C4-H), 6.02 (d, 1 H, 
3
J(H, H) = 7.3 Hz, C9-H), 4.72 (s, 2 H, 










The procedure is adopted from a literature method.
91
 A 
mixture of K (129 mg, 0.5 mmol) and PhCH2Br (0.60 mL, 
0.5 mmol) in DMF (3 mL) was heated at 80 ºC for 2 days. 
After it was cooled, diethyl ether (10 mL) was added and 
the yellow precipitate was collected by filtration. Compound LHBr was 
isolated after washed repeatedly with diethyl ether. Yield: 161 mg, 0.38 mmol, 
75%. 
1
H NMR (300 MHz, CDCl3): δ 11.27 (s, 1 H, NCHN), 7.53-7.51 (m, 4 H, 
Ar-H), 7.43-7.25 (m, 10 H, Ar-H), 6.79 (d, 2 H, Ar-H), 5.60 (s, 4 H, NCH2). 





A mixture of LHBr (86 mg, 0.2 mmol), 
[PdBr2(
i
Pr-bimy)]2 (93 mg, 0.1 mmol) and Ag2O 
(28 mg, 0.12 mmol) was suspended in CH2Cl2 
(5 mL) and stirred for 2 days. Filter the 
suspension through Celite to remove AgBr. The solvent of the filtrate was 
removed to give the product as a yellow solid (157 mg, 0.19 mmol, 96%). 
1
H 
NMR (500 MHz, CDCl3): δ 7.74 (d, 4 H, Ar-H), 7.46-7.43 (m, 7 H, Ar-H), 
7.34-7.30 (m, 5 H, Ar-H), 7.19 (t, 2 H, Ar-H), 7.14-7.12 (m, 2 H, Ar-H), 6.61 
(d, 2 H, Ar-H), 5.61 (m, 2 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 1.44 (d, 12 H, 
3





H} NMR (125.77 MHz, CDCl3): 203.8 (s, NCN-L), 176.6 (s, 
NCN-
i




121.7, 113.2, 107.8 (s, Ar-C), 60.7 (s, NCH), 54.5 (s, NCH2), 21.2 (s, CH3). 
Anal. Calcd for C38H38Br2N4Pd: C, 55.87; H, 4.69; N, 6.86. Found: C, 55.91; 
H, 4.52; N, 6.86%. MS (ESI): m/z = 737 [M – Br]+. 
 
N, N’-dibenzylformamidine 
This compound was synthesized according to a literature 
method.
92
 A mixture of triethyl orthoformate (1.66 mL, 10 mmol) and acetic 
acid (0.57 mL, 10 mmol) was heated at refluxing temperature at 150 ºC. 
Benzylamine (2.18 mL, 20 mmol) was added through the condenser and the 
resulting mixture was heated under reflux for 2 h. The condenser was set for 
distillation and the mixture was allowed to distill until all the volatiles had 
been removed. Aqueous Na2CO3 (20 mL) solution was added to the residue 
and extracted with diethyl ether (3 × 20 mL). Evaporation of the ether extract 
gave the product as a yellow solid. Yield: 1.34 g, 6 mmol, 60%. 
1
H NMR (300 
MHz, CDCl3): δ 7.52 (s, 1 H, NCHN), 7.37-7.24 (m, 10 H, Ar-H), 4.42 (s, 4 H, 





This compound was synthesized in analogy to N, 
N’-dibenzylformamidine from triethyl 
orthoformate (1.66 mL, 10 mmol), acetic acid (0.57 mL, 10 mmol) and 
2,4,6-trimethylaniline (2.81 mL, 20 mmol). Yield: 2.02 g, 7.2 mmol, 72%. 
1
H 
NMR (300 MHz, CDCl3): δ 7.25 (s, 1 H, NCHN), 6.89 (br-s, 4 H, Ar-H), 2.27 








A mixture of N, N’-dibenzylformamidine (448 mg, 2 mmol), 
K2CO3 (138 mg, 1 mmol), and 1,3-dibromopropane (0.225 mL, 
2.2 mmol) in CH3CN (10 mL) were heated at refluxing 
temperature overnight. After it was cooled, the solvent was 
removed in vacuo. CH2Cl2 (10 mL) was added to the resulting solid and 
filtered. This step was repeated two more times. The solvent of the filtrate was 
removed and the residue was washed repeatedly with diethyl ether until the 
starting material was fully removed. Yield: 484 mg, 1.4 mmol, 70%. 
1
H NMR 
(300 MHz, CDCl3): δ 10.27 (s, 1 H, NCHN), 7.42-7.37 (m, 10 H, Ar-H), 4.93 
(s, 4 H, NCH2Ph), 3.24 (t, 4 H, NCH2), 1.98 (m, 2 H, NCH2CH2). The 
1
H 





Compound NHBr was synthesized in analogy to MHBr from 
N, N’-dibenzylformamidine (448 mg, 2 mmol), K2CO3 (138 mg, 
1 mmol), and 1,4-dibromobutane (0.260 mL, 2.2 mmol). Yield: 
488 mg, 1.36 mmol, 68%.
 1
H NMR (300 MHz, CDCl3): δ 9.93 
(s, 1 H, NCHN), 7.47-7.34 (m, 10 H, Ar–H), 4.96 (s, 4 H, NCH2Ph), 3.58 (t, 4 










Compound OHBr was synthesized in analogy to MHBr from N, 
N’-dimesitylformamidine (560 mg, 2 mmol), K2CO3 (138 mg, 1 
mmol), and 1,3-dibromopropane (0.225 mL, 2.2 mmol). Yield: 
554 mg, 1.38 mmol, 69%. 
1
H NMR (300 MHz, CDCl3): δ 7.55 (s, 
1 H, NCHN), 6.95 (s, 4 H, Ar-H), 4.22 (br-s, 4 H, NCH2), 2.61 
(br-s, 2 H, NCH2CH2), 2.35 (s, 12 H, o-CH3), 2.28 (s, 6 H, p-CH3). MS (ESI): 






Compound PHBr was synthesized in analogy to MHBr 
from N, N’-dimesitylformamidine (448 mg, 2 mmol), K2CO3 
(138 mg, 1 mmol), and 1,4-dibromobutane (0.260 mL, 2.2 
mmol). Yield: 598 mg, 1.44 mmol, 72%. 
1
H NMR (300 
MHz, CDCl3): δ 7.22 (s, 1 H, NCHN), 6.92 (s, 4 H, Ar-H), 
4.56 (br-s, 4 H, NCH2), 2.54 (br-s, 4 H, CH2), 2.38 (s, 12 H, o-CH3), 2.24 (s, 6 
H, p-CH3). The 
1






A mixture of salt OHBr (80 mg, 0.2 mmol), 
[PdBr2(
i
Pr-bimy)]2 (94 mg, 0.1 mmol), and Ag2O (25 
mg, 0.11 mmol) was stirred in CH2Cl2 (15 mL) at 




was filter over Celite. The residue obtained from the filtrate was subjected to 
column chromatography (SiO2, ether:hexane = 1:1). Yield: 47 mg, 0.06 mmol, 
30%. 
1
H NMR (300 MHz, CDCl3): δ 7.31-7.28 (m, 4 H, Ar-H), 7.01 (s, 4 H, 
Ar-H), 4.78 (m, 2 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 3.45 (s, 4 H, NCH2), 2.58 
(s, 12 H, o-CH3), 2.39 (s, 6 H, p-CH3), 2.30 (s, 2 H, NCH2CH2), 1.29 (d, 12 H, 
3




H} NMR (75.47 MHz, CDCl3): 201.4 (s, 
NCN-O), 176.6 (s, NCN-
i
Pr2bimy), 142.8, 138.0, 137.4, 134.1, 129.8, 121.8, 
112.8 (s, Ar-C), 53.5 (s, NCH), 47.4 (s, NCH2), 21.9, 21.6, 21.3, 20.8 (s, CH2 







Complex 25 was synthesized in analogy to 24 from 
salt PHBr (83 mg, 0.2 mmol), [PdBr2(
i
Pr-bimy)]2 
(94 mg, 0.1 mmol), and Ag2O (25 mg, 0.11 mmol). 
Yield: 48 mg, 0.06 mmol, 30%. 
1
H NMR (300 MHz, CDCl3): δ 7.32-7.29 (m, 
2 H, Ar-H), 7.02-6.99 (m, 6 H, Ar-H), 4.75 (m, 2 H, 
3
J(H, H) = 7.1 Hz, 
CH(CH3)2), 3.91 (s, 4 H, NCH2), 2.65 (s, 12 H, o-CH3), 2.38 (s, 6 H, p-CH3), 
2.25 (s, 4 H, NCH2CH2), 1.30 (d, 12 H, 
3





NMR (75.47 MHz, CDCl3): 212.5 (s, NCN-P), 176.9 (s, NCN-
i
Pr2bimy), 
144.8, 137.8, 137.2, 134.1, 130.1, 121.7, 112.9 (s, Ar-C), 55.6 (s, NCH), 53.4 











According to a literature method,
94
 a mixture of benzyl bromide 
(0.24 mL, 2.0 mmol), NaN3 (143 mg, 2.2 mmol), phenylacetylene 
(0.24 mL, 2.2 mmol), copper powder (100 mg), and CuSO45H2O 
(102 mg, 0.2 mmol) in H2O (3 mL) and t-BuOH (3 mL) was placed in a sealed 
tube in a microwave reactor at 150 ºC for 15 mins. To the cooled mixture, H2O 
(30 mL) was added and the resulting suspension was filtered. Diethyl ether (3 
× 20 mL) was added to the residue and filtered. After the solvent of the filtrate 
was removed in vacuo, the white solid was washed with hexane (3 × 5 mL) to 
yield the title compound. Yield: 320 mg, 1.36 mmol, 68%. 
1
H NMR (300 MHz, 
CDCl3): 
1
H NMR (300 MHz, CDCl3): δ 7.95 (br-s, 2 H, NCH + Ar-H), 
7.42-7.30 (m, 9 H, Ar-H), 5.58 (s, 2 H, PhCH2). 
 
Imidazole-1-sulfonyl azide hydrochloride 
According to a literature method,
95
 SO2Cl2 (1.61 mL, 20 mmol) 
was added dropwise to an ice-cooled suspension of NaN3 (1.3 g, 
20 mmol) in CH3CN (20 mL) and the mixture was stirred 
overnight. Imidazole (2.59 g, 38 mmol) was added portion-wise to the white 
suspension which was placed in an ice bath. After 3 h stirring at ambient 
temperature, ethyl acetate (40 mL) was added and the resulting mixture was 
extracted with H2O (2 × 40 mL) then NaHCO3 saturated aqueous solution (2 × 
40 mL), dried over Na2SO4 and filtered. HCl ethanolic solution [prepared by 
dissolving acetyl chloride (2.13 mL, 30 mmol) in absolute ethanol (7.5 mL) in 
ice bath] was added dropwise to the filtrate in an ice bath with stirring. White 








The synthesis was modified from a literature method.
96
 A 
mixture of imidazole-1-sulfonyl azide hydrochloride (420 mg, 2 
mmol), isopropyl amine (0.172 mL, 2 mmol), phenylacetylene 
(0.220 mL, 2 mmol), Et3N (0.278 mL, 2 mmol), CuSO45H2O (51 mg, 0.2 
mmol), and sodium ascorbate (80 mg, 0.4 mmol) in MeOH (10 mL) was 
stirred under N2 at ambient temperature overnight. The suspension was filtered 
and the solvent of the filtrate was removed. Diethyl ether (3 × 10 mL) was 
added to the residue and filtered. Removal of the solvent of the filtrate gave 
the compound as a yellow oil. Yield: 350 mg, 1.86 mmol, 93%. 
1
H NMR (300 
MHz, CDCl3): 
1
H NMR (300 MHz, CDCl3): δ 7.83 (d, 2 H, Ar-H), 7.77 (s, 1 
H, NCH), 7.43 (t, 2 H, Ar-H), 7.33 (d, 1 H, Ar-H), 4.87 (m, 1 H, NCH), 1.61 
(d, 6 H, NCH(CH3)2). 
 
Ph-triazole 
This compound was synthesized in analogy to 
i
Pr-triazole from 
imidazole-1-sulfonyl azide hydrochloride (420 mg, 2 mmol), 
PhNH2 (0.182 mL, 2 mmol), phenylacetylene (0.220 mL, 2 
mmol), Et3N (0.278 mL, 2 mmol), CuSO45H2O (51 mg, 0.2 mmol), sodium 
ascorbate (80 mg, 0.4 mmol) in MeOH (10 mL). The solid obtained after 
diethyl ether was removed was subject to column chromatography (SiO2, ethyl 
acetate:hexane = 1:9). Yield: 155 mg, 0.7 mmol, 35%. 
1
H NMR (300 MHz, 




7.55-7.37 (m, 6 H, Ar-H). 
 
QHBr 
Ph-triazole (86 mg, 0.4 mmol) and benzylbromide (3 mL) 
were heated in neat at 100 ºC for 3 days. After the reaction 
mixture was cooled to ambient temperature, diethyl ether 
(20 mL) was added and the resulting suspension was filtered. The precipitate 
was washed repetitively with copious diethyl ether until the starting materials 
were fully removed. The product was isolated as a white solid. Yield: 50 mg, 
0.127 mmol, 32%. 
1
H NMR (500 MHz, CDCl3): δ 10.18 (s, 1 H, NCH), 8.24 
(d, 2 H, Ar-H), 7.81 (m, 2 H, Ar-H), 7.62-7.60 (m, 3 H, Ar-H), 7.52 (br-s, 3 H, 




H} NMR (125.77 MHz, CDCl3): 144.7 (s, NCPh), 135.4, 132.7, 132.6, 
132.0, 131.1, 130.7, 130.4, 130.3, 130.1, 129.0, 128.8, 122.4, 122.2 (s, Ar-C), 





A mixture of Bn-triazole (118 mg, 0.5 mmol) and 
benzylbromide (1 mL) was heated in neat at 100 ºC 
overnight. Diethyl ether (20 mL) was added and the 
resulting suspension was filtered. The residue was washed 
repetitively with diethyl ether until all the starting materials were removed. 
The compound was isolated as a white solid. Yield: 93 mg, 0.23 mmol, 46%. 
1
H NMR (300 MHz, CDCl3): δ 9.84 (s, 1 H, NCH), 7.75-7.06 (m, 15 H, Ar-H), 








NCPh), 132.7, 132.5, 132.1, 131.2, 131.0, 130.5, 130.4, 130.3, 130.1, 129.2, 





Bn-triazole (118 mg, 0.5 mmol) and Me3OBF4 (0.148 mL, 
1.0 mmol) in dry CH2Cl2 (10 mL) were heated at refluxing 
temperature for 2 days. After the mixture was cooled, all 
the volatiles were removed in vacuo. The residue was washed repetitively with 
diethyl ether until all the starting materials were removed. The compound was 
isolated as a white solid. Yield: 120 mg, 0.36 mmol, 71%. 
1
H NMR (300 MHz, 
CDCl3): δ 8.43 (s, 1 H, NCH), 7.51-7.36 (m, 10 H, Ar-H), 5.68 (s, 2 H, NCH2), 




H} NMR (75.47 MHz, CDCl3): 144.1 (s, NCPh), 
132.4, 132.0, 130.5, 130.3, 130.2, 130.1, 130.0, 128.7, 122.5 (s, Ar-C), 58.1 (s, 




H} NMR (282.37 MHz, DMSO-d6): -72.28 (s, 
10
BF4), -72.33 (s, 
11






Pr-triazole (94 mg, 0.5 mmol) and benzylbromide (1 mL) 
were heated in neat at 100 ºC overnight. After reaction the 
mixture was allowed to cool to ambient temperature. 
Diethyl ether was added to the resulting light yellow solution and some brown 
oil came out. The mixture was decanted and the brown oil was redissolved in 
CH2Cl2. The solution was added dropwise into diethyl ether (10 mL) and the 
suspension was filtered. The precipitate was washed repetitively with copious 




isolated as a brown solid. Yield: 158 mg, 0.44 mmol, 88%. 
1
H NMR (500 
MHz, CDCl3): δ 9.75 (s, 1 H, NCH), 7.60-7.53 (m, 5 H, Ar-H), 7.37-7.35 (m, 
3 H, Ar-H), 7.09 (d, 2 H, Ar-H), 5.71 (s, 2 H, NCH2), 5.55 (m, 1 H, 
3
J(H, H) = 
7.1 Hz, CH(CH3)2), 1.80 (d, 6 H, 
3





NMR (125.77 MHz, CDCl3): 143.6 (s, NCPh), 132.7, 132.2, 131.5, 130.5, 
130.3, 130.1, 129.5, 128.6, 122.6 (s, Ar-C), 59.7 (s, NCH2), 56.1 (s, NCH), 






Pr2-bimy)Q] (26)  
A mixture of salt QHBr (50 mg, 0.13 mmol), 
[PdBr2(
i
Pr-bimy)]2 (60 mg, 0.06 mmol), and 
Ag2O (18 mg, 0.08 mmol) was stirred in 
CH2Cl2 (15 mL) at ambient temperature overnight shielded from light. The 
resulting suspension was filtered over Celite, and the filtrate was removed in 
vacuo. The residue was subjected to column chromatography (SiO2, ethyl 
acetate/hexane, 3:7). The pure compound was isolated as a yellow solid. Yield: 
44 mg, 0.056 mmol, 44%. 
1
H NMR (300 MHz, CDCl3): δ 8.57-8.53 (dd, 2 H, 
Ar-H), 7.99-7.96 (dd, 2 H, Ar-H), 7.63-7.56 (m, 6 H, Ar-H), 7.47-7.42 (m, 2 H, 
Ar-H), 7.36-7.34 (m, 3 H, Ar-H), 7.20-7.10 (m, 4 H, Ar-H), 5.90 (m, 1 H, 
3
J(H, 
H) = 7.1 Hz, CH(CH3)2), 5.73 (m, 1 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 5.55 (s, 
2 H, NCH2), 1.64 (d, 6 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 1.53 (d, 6 H, 
3
J(H, H) 




H} NMR (75.47 MHz, CDCl3): 180.3 (s, 
NCN-
i
Pr2bimy), 160.6 (s, NCCPh), 145.9, 140.6, 134.3, 134.2, 133.7, 132.0, 
130.4, 130.3, 129.8, 129.7, 129.4, 129.1, 128.8, 128.6, 126.1, 122.3, 113.0 (s, 




C34H35Br2N5Pd: C, 52.36; H, 4.52; N, 8.98. Found: C, 52.13; H, 4.61; N, 





A mixture of salt RHBr (93 mg, 0.23 mmol), 
[PdBr2(
i
Pr-bimy)]2 (107 mg, 0.11 mmol) and 
Ag2O (28 mg, 0.12 mmol) was stirred in 
CH2Cl2 (15 mL) shielded from light. The suspension was filtered over Celite 
and the solvent of the filtrate was removed to give the product as a yellow 
solid. Yield: 159 mg, 0.20 mmol, 87%. 
1
H NMR (500 MHz, CDCl3): δ 7.85 (s, 
2 H, Ar-H), 7.74-7.73 (m, 2 H, Ar-H), 7.52-7.39 (m, 9 H, Ar-H), 7.30 (br-s, 2 
H, Ar-H), 7.14 (s, 2 H, Ar-H), 7.03 (s, 2 H, Ar-H), 6.16 (s, 2 H, NCH2), 5.96 
(m, 2 H, CH(CH3)2), 5.42 (s, 2 H, NCH2), 1.71 (br-s, 6 H, CH(CH3)2), 1.57 




H} NMR (125.77 MHz, CDCl3): 180.8 (s, 
NCN-
i
Pr2bimy), 160.4 (s, NCCPh), 146.0, 135.4, 134.3, 133.9, 131.8, 130.1, 
129.7, 129.4, 129.35, 129.0, 128.9, 128.2, 122.3, 113.0 (s, Ar-C), 59.0, 54.2, 
54.0 (s, NCH2 + NCH), 21.7, 21.4 (s, CH3). Anal. Calcd for C35H37Br2N5Pd: C, 
52.95; H, 4.70; N, 8.82. Found: C, 52.54; H, 4.51; N, 8.86%. MS (ESI): m/z = 





A mixture of [PdBr2(
i
Pr-bimy)]2 (94 mg, 0.1 mmol) 
and tetrabutylammonium bromide (64 mg, 0.2 
mmol) was heated in CHCl3 (5 mL) at refluxing 




orange solid which was redissolved in CH2Cl2 (15 mL). Salt SHBr (67 mg, 
0.2 mmol) and Ag2O (28 mg, 0.12 mmol) were added to the solution and the 
resulting mixture was stirred at ambient temperature overnight shielded from 
light. The suspension was filtered through Celite. The filtrate was washed with 
H2O (3 × 10 mL) and dried over Na2SO4. All the volatiles were removed to 
give the product as a yellow solid. Yield: 129 mg, 0.18 mmol, 90%. 
1
H NMR 
(500 MHz, CDCl3): δ 8.01 (d, 2 H, Ar-H), 7.79 (d, 2 H, Ar-H), 7.56-7.39 (m, 8 
H, Ar-H), 7.16-7.14 (m, 2 H, Ar-H), 6.13 (s, 2 H, NCH2), 6.05 (m, 2 H, 
3
J(H, 
H) = 7.1 Hz, CH(CH3)2), 1.73 (d, 6 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 1.63 (d, 
6 H, 
3




H} NMR (125.77 MHz, CDCl3): 
180.8 (s, NCN-
i
Pr2bimy), 160.0 (s, NCCPh), 145.8, 135.2, 134.2, 131.3, 130.0, 
129.9, 129.4, 129.1, 128.9, 128.85, 122.3, 113.0 (s, Ar-C), 59.0, 54.2, 54.0 (s, 
NCH2 + NCH), 37.6 (s, NMe3), 21.6, 21.4 (s, CH3). Anal. Calcd for 
C29H33Br2N5Pd: C, 48.52; H, 4.63; N, 9.76. Found: C, 48.03; H, 4.51; N, 





A mixture of salt THBr (51 mg, 0.14 mmol), 
[PdBr2(
i
Pr-bimy)]2 (67 mg, 0.07 mmol) and 
Ag2O (20 mg, 0.09 mmol) was suspended in 
CH2Cl2 (15 mL) and stirred at ambient temperature overnight shielded from 
light. The resulting suspension was filtered through Celite and the solvent of 
the filtrate was removed. The crude product was purified by column 
chromatography (SiO2, ethyl acetate/hexane, 3:7) to give the desired 
compound as a yellow solid. Yield: 60 mg, 0.08 mmol, 57%. 
1




MHz, CDCl3): δ 7.85-7.83 (dd, 2 H, Ar-H), 7.53-7.49 (m, 4 H, Ar-H), 
7.47-7.45 (m, 1 H, Ar-H), 7.33-7.31 (m, 3 H, Ar-H), 7.15-7.13 (m, 2 H, Ar-H), 
7.07-7.05 (m, 2 H, Ar-H), 6.05 (m, 1 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 5.90 
(m, 1 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 5.74 (m, 2 H, 
3
J(H, H) = 7.1 Hz, 
CH(CH3)2), 5.44 (s, 2 H, NCH2), 1.86 (d, 6 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 
1.82 (d, 6 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 1.53 (d, 6 H, 
3





H} NMR (125.77 MHz, CDCl3): 181.2 (s, NCN-
i
Pr2bimy), 
157.9 (s, NCCPh), 144.9, 134.3, 134.2, 134.17, 131.7, 129.9, 129.7, 129.3, 
129.2, 128.9, 128.1, 122.3, 113.0, 112.9 (s, Ar-C), 58.7, 54.1, 54.0, 53.7 (s, 
NCH2 + NCH), 23.5, 21.9, 21.3 (s, CH3). Anal. Calcd for C31H37Br2N5Pd: C, 
49.92; H, 5.00; N, 9.39. Found: C, 49.64; H, 4.95; N, 9.40%. MS (ESI): m/z = 





A mixture of 26 (51 mg, 
0.065 mmol) and 
AgO2CCF3 (29 mg, 
0.13 mmol) was 
suspended in CH3CN 
(10 mL) and heated at 70 ºC overnight shielded from light. The reaction 
mixture was filtered over Celite, and the solvent of the filtrate was evaporated 
off. The resulting yellow solid was redissolved in CH2Cl2 (5 mL) and passed 
through silica gel. The solvent of the filtrate was removed to give the product 
as a yellow solid. Yield: 44 mg, 0.051 mmol, 80%. 
1
H NMR (500 MHz, 




Ar-H), 7.59-7.57 (m, 3 H, Ar-H), 7.52-7.44 (m, 2 H, Ar-H), 7.36-7.31 (m, 3 H, 
Ar-H), 7.19-7.17 (m, 2 H, Ar-H), 7.10-7.09 (m, 2 H, Ar-H), 6.06-6.01 (m, 2 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 5.56 (s, 2 H, NCH2), 1.60 (d, 12 H, 
3
J(H, H) = 




H} NMR (125.77 MHz, CDCl3): 176.5 (s, 
NCN-
i
Pr2bimy), 162.2 (q, 
2
J(C, F) = 37 Hz, COO), 155.2 (s, NCCPh), 146.9, 
140.0, 133.8, 133.7, 131.7, 130.9, 130.7, 130.6, 129.9, 129.7, 129.5, 129.4, 
129.1, 128.8, 128.6, 128.1, 127.9, 125.9, 123.0 (s, Ar-C), 114.8 (q, 
1
J(C, F) = 
283 Hz, CF3), 113.4 (s, Ar-C), 54.3, 54.0 (s, NCH2 + NCH), 22.0, 21.9 (s, 
CH3). 
19
F NMR (282.37 MHz, CDCl3): 1.98 (s, CF3). Anal. Calcd for 
C38H35F6N5O4Pd: C, 53.94; H, 4.17; N, 8.28. Found: C, 53.71; H, 4.14; N, 







This complex was 
synthesized in analogy 
to complex 30 
(complex 27: 50 mg, 
0.063 mmol; 
AgOOCCF3: 28 mg, 0.126 mmol). Yield: 32 mg, 0.037 mmol, 59%. 
1
H NMR 
(500 MHz, CDCl3): δ 7.85-7.83 (dd, 2 H, Ar-H), 7.71 (d, 2 H, Ar-H), 
7.56-7.52 (m, 5 H, Ar-H), 7.47-7.41 (m, 2 H, Ar-H), 7.31-7.27 (m, 4 H, Ar-H), 
7.20-7.18 (dd, 2 H, Ar-H), 6.94-6.92 (m, 2 H, Ar-H), 6.14-6.10 (m, 4 H, NCH2 





(125.77 MHz, CDCl3): 176.3 (s, NCN-
i
Pr2bimy), 162.0 (q, 
2
J(C, F) = 36 Hz, 




129.7, 129.6, 129.5, 129.3, 129.2, 128.1, 127.8, 123.3, 123.0 (s, Ar-C), 114.9 
(q, 
1
J(C, F) = 291 Hz, CF3), 113.7, 113.2 (s, Ar-C), 58.8, 54.5, 54.2, 54.0 (s, 
NCH2 + NCH), 22.1, 21.9 (s, CH3).
 19
F NMR (282.37 MHz, CDCl3): 2.15 (s, 
CF3). Anal. Calcd for C39H37F6N5O4Pd: C, 54.46; H, 4.34; N, 8.14. Found: C, 







This complex was 
synthesized in analogy 
to complex 30 
(complex 29: 50 mg, 
0.067 mmol; 
AgOOCCF3: 30 mg, 0.134 mmol). Yield: 45 mg, 0.055 mmol, 83%. 
1
H NMR 
(500 MHz, CDCl3): δ 7.87-7.85 (dd, 2 H, Ar-H), 7.55-7.52 (m, 5 H, Ar-H), 
7.33-7.32 (m, 3 H, Ar-H), 7.21-7.19 (m, 2 H, Ar-H), 6.97-6.95 (m, 2 H, Ar-H), 
6.16 (m, 2 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 5.82 (m, 1 H, 
3
J(H, H) = 7.1 Hz, 
CH(CH3)2), 5.29 (s, 2 H, NCH2), 1.83 (d, 6 H, 
3
J(H, H) = 7.1 Hz, CH(CH3)2), 
1.69 (d, 6 H, 
3




H} NMR (125.77 MHz, 
CDCl3): 177.0 (s, NCN-
i
Pr2bimy), 162.0 (q, 
2
J(C, F) = 36 Hz, COO), 153.1 (s, 
NCCPh), 145.8, 134.4, 133.8, 131.4, 130.3, 129.8, 129.76, 129.4, 129.1, 128.3, 
127.5, 123.3, 123.0 (s, Ar-C), 114.9 (q, 
1
J(C, F) = 294 Hz, CF3), 113.4 (s, 
Ar-C), 58.6, 54.5, 54.1, 53.9 (s, NCH2 + NCH), 23.6, 22.0, 21.99 (s, CH3). 
19
F 
NMR (282.37 MHz, CDCl3): 2.08 (s, CF3). Anal. Calcd for C35H37F6N5O4Pd: 
C, 51.76; H, 4.59; N, 8.62. Found: C, 51.52; H, 4.74; N, 8.71%. MS (ESI): m/z 






General procedure for the Mizoroki-Heck cross-couplings.  
In a typical run, a reaction tube was charged with a mixture of aryl halide (1.0 
mmol for monohalides, 0.5 mmol for dihalides), anhydrous sodium acetate 
(1.5 mmol), tert-butyl acrylate (1.4 mmol), catalyst (0.01 mmol) and DMF (3 
mL). The reaction was stirred and heated at 120 °C for 24 h. After the mixture 
was cooled to the ambient temperature, dichloromethane (10 mL) was added. 
The organic layer was then washed with water (6 × 8 mL) and dried over 
Na2SO4. The solvent was allowed to evaporate and the residue was analyzed 
by 
1
H NMR spectroscopy. The yields were calculated based on the 
comparsion of the signals of starting materials and products. 
 
General procedure for the Suzuki-Miyaura cross-couplings.  
In a typical run, a reaction tube was charged with a mixture of aryl halide (1.0 
mmol for monohalides, 0.5 mmol for dihalides), K2CO3 (1.4 mmol), 
phenylboronic acid (1.4 mmol), precatalyst and solvent (1 mL). The reaction 
was stirred at elevated temperature. After the desired reaction time, the 
mixture was cooled to the ambient temperature, and dichloromethane (10 mL) 
was added. The organic layer was then washed with water (6 × 8 mL) and 
dried over Na2SO4. The solvent was allowed to evaporate and the residue was 
analyzed by 
1
H NMR spectroscopy. The yields were calculated based on the 







General procedure for the hydroamination reactions.  
In a typical run, a Schlenk tube was charged with a suspension of catalyst 
(0.005 mmol) and anhydrous toluene (1 mL). Triflic acid (0.025 mmol) was 
added to the mixture and the suspension turned to clear solution. 
phenylacetylene (1.0 mmol) followed by the aniline derivative (0.5 mmol) was 
added to the resulting solution. The reaction was stirred and heated at 100 °C 
for 12 h. After cooling to ambient temperature, the reaction mixture was 
diluted with toluene (5 mL), mixed with 100 μl n-hexadecane and filtered over 
Celite. The filtrate was analyzed by GC-MS to determine the yield. 
 
General procedure for the direct arylations of pentafluorobenzene.  
In a typical run, a Schlenk tube was charged with precatalyst, K2CO3 (0.33 
mmol), and aryl halide if it is a solid. The reaction vessel was evacuated and 
refilled with nitrogen three times. Aryl halide (if it is a liquid), 
pentafluorobenzene (0.3 mmol), and DMA (0.2 mL) were added and the 
reaction was placed in a preheated oil bath and stirred. After 24 h, the mixture 
was cooled to the ambient temperature, and dichloromethane (2 mL) was 
added. The suspension was filtered through Celite and the residue was washed 
with dichloromethane (2 × 2 mL). The solvent of the filtrate was removed and 
the crude product was loaded onto silica gel using hexane or hexane/ether 







X-ray Diffraction Studies  
X-ray data were collected with a Bruker AXS SMART APEX diffractometer, 
using Mo K radiation with the SMART suite of Programs.
97
 Data were 
processed and corrected for Lorentz and polarization effects with SAINT,
98
 
and for absorption effect with SADABS.
99
 Structural solution and refinement 
were carried out with the SHELXTL suite of programs.
100
 The structure was 
solved by direct methods to locate the heavy atoms, followed by difference 
maps for the light, non-hydrogen atoms. All hydrogen atoms were put at 
calculated positions. All non-hydrogen atoms were generally given anisotropic 
displacement parameters in the final model. A summary of the most important 





Appendix (Selected crystallographic data) 
 B2HBr·0.8H2O 1 2·0.5DMF 3 4 
Formula C32H32Br2N4S·0.8H2O C32H30Br2N4PdS C32H30Br2N4OPdS·0.5C3H7NO C32H30BrN5O3PdS C32H30Br2N4NiS 
Formula weight 678.91 768.88 821.43 750.98 721.19 
Crystal size [mm] 0.40  0.20  0.10 0.24  0.10  0.10 0.18  0.16  0.16 0.18  0.12  0.08 0.30  0.30  0.16 
Temperature [K] 243(2) 223(2) 223(2) 223(2) 223(2) 
Crystal system Triclinic triclinic triclinic orthorhombic Monoclinic 
Space group P1  P1  P1  Pbcn Cc 
a [Å] 11.504(3) 11.8217(9) 11.0762(5) 31.2166(19) 13.8873(9) 
b [Å] 11.595(3) 11.8738(9) 12.6526(6) 11.1730(7) 11.2467(7) 
c [Å] 12.552(3) 12.7681(9) 13.6890(7) 17.0257(10) 19.4833(12) 
α [°] 96.355(5) 69.492(2) 90.219(1) 90 90 
β [°] 99.264(5) 75.399(2) 106.606(1) 90 104.8540(10) 
γ [°] 98.275(5) 64.829(1) 97.676(1) 90 90 
V [Å
3
] 1619.7(7) 1507.98(19) 1820.15(15) 5938.3(6) 2941.3(3) 
Z 2 2 2 8 4 
Dc [gcm
-3
] 1.398 1.693 1.499 1.680 1.629 
μ [mm-1] 2.597 3.363 2.795 2.085 3.477 
θ range [°] 1.6624.99 1.7225.00 1.6327.49 1.3025.00 2.1627.49 
Reflection collected    16547 15898 24120 32991 10180 
Independent reflections 5687  
(Rint = 0.0806) 
5301 
(Rint = 0.0557) 
8345 
(Rint = 0.0569) 
5235 
(Rint = 0.1100) 
5158  
(Rint = 0.0259) 
Max., min. transmission 0.7812, 0.4231 0.7297, 0.4991 0.6633, 0.6331 0.8510, 0.7054 0.6062, 0.4219 
Final R indices 
[I > 2σ(I)] 
R1 = 0.0821,  
wR2 = 0.2327 
R1 = 0.0732,  
wR2 = 0.1630 
R1 = 0.0562,  
wR2 = 0.1463 
R1 = 0.0530,  
wR2 = 0.1173 
R1 = 0.0323,  
wR2 = 0.0710 
R indices (all data) R1 = 0.1055,  
wR2 = 0.2451 
R1 = 0.0890,  
wR2 = 0.1697 
R1 = 0.0904,  
wR2 = 0.1614 
R1 = 0.0977,  
wR2 = 0.1342 
R1 = 0.0383,  
wR2 = 0.0733 
Goodness-of-fit on F
2 
1.062 1.215 1.044 1.020 0.996 





 5·CH2Cl2·2H2O 6·2H2O 12 13·CH2Cl2 
Formula C28H34Br2N4PdS·CH2Cl2·2H2O C24H26Br2N4PdS·2H2O C32H30Br2N4Pd2S2 C36H30F6N4O4Pd2S2·CH2Cl2 
Formula weight 845.83 704.80 907.34 1058.49 
Crystal size [mm] 0.36  0.16  0.08 0.48  0.08  0.06 0.40  0.12  0.10 0.36  0.36  0.06 
Temperature [K] 223(2) 223(2) 223(2) 100(2) 
Crystal system Triclinic Monoclinic orthorhombic orthorhombic 
Space group P1  P21/c P212121 Pbca 
a [Å] 7.7345(4) 20.645(3) 9.6224(3) 20.9496(7) 
b [Å] 10.2407(5) 4.9654(7) 15.5833(5) 21.0979(7) 
c [Å] 23.0053(11) 26.635(4) 21.3048(7) 36.6305(13) 
α [°] 93.0180(10) 90 90 90 
β [°] 90.4380(10) 97.834(3) 90 90 
γ [°] 109.6940(10) 90 90 90 
V [Å
3
] 1712.58(15) 2704.8(6) 3194.63(18) 16190.4(10) 
Z 2 4 4 16 
Dc [gcm
-3
] 1.640 1.731 1.887 1.737 
μ [mm-1] 3.124 3.746 3.787 1.196 
θ range [°] 1.7727.50 1.7227.49 1.6227.50 1.1127.50 
Reflection collected    22437 17660 22411 124955 
Independent reflections 7847  
(Rint = 0.0381) 
6203  
(Rint = 0.0577) 
7216 
(Rint = 0.0377) 
18607 
Max., min. transmission 0.7882, 0.3993 0.8065, 0.2665 0.7032, 0.3126 0.9317, 0.6727 
Final R indices 
[I > 2σ(I)] 
R1 = 0.0418, 
wR2 = 0.1063 
R1 = 0.0489,  
wR2 = 0.1026 
R1 = 0.0322, 
wR2 = 0.0621 
R1 = 0.0490, 
wR2 = 0.1094 
R indices (all data) R1 = 0.0587,  
wR2 = 0.1141 
R1 = 0.0716,  
wR2 = 0.1110 
R1 = 0.0376, 
wR2 = 0.0636 
R1 = 0.0667, 
wR2 = 0.1163 
Goodness-of-fit on F
2 
1.047 0.988 1.000 1.083 







 15 16·C3H6O 17·2CH2Cl2 
Formula C64H60B2Br2F8N8Pd4S4·C6H14N2O3 C22H30Br2N4O3PdS C28H34Br2N4Pd2S2·C3H6O C28H34Br2N4Pd2S2·2CH2Cl2 
Formula weight 1990.67 696.78 921.41 1033.18 
Crystal size [mm] 0.60  0.07  0.06 0.40  0.16  0.14 0.32  0.16  0.08 0.14  0.12  0.06 
Temperature [K] 100(2) 223(2) 100(2) 223(2) 
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic 
Space group P21/n Pbca P21/c P21/n 
a [Å] 12.922(3) 8.321(4) 17.718(2) 16.9381(14) 
b [Å] 13.527(3) 20.941(9) 12.4490(18) 8.9830(7) 
c [Å] 23.326(5) 30.868(13) 15.964(2) 24.9425(19) 
α [°] 90 90 90 90 
β [°] 91.314(5) 90 103.858(3) 91.468(2) 
γ [°] 90 90 90 90 
V [Å
3
] 4076.4(14) 5379(4) 3418.7(8) 3793.9(5) 
Z 2 8 4 4 
Dc [gcm
-3
] 1.622 1.721 1.790 1.809 
μ [mm-1] 2.018 3.769 3.542 3.473 
θ range [°] 1.7425.00 1.9427.49 1.1827.50 1.4425.00 
Reflection collected    23534 34719 23754 20763 
Independent reflections 7177 6080 7836 6686 
Max., min. transmission 0.8885, 0.3772 0.6205, 0.3140 0.7648, 0.3969 0.8187, 0.6420 
Final R indices 
[I > 2σ(I)] 
R1 = 0.0869, 
wR2 = 0.2116 
R1 = 0.0420,  
wR2 = 0.0931 
R1 = 0.0445,  
wR2 = 0.1082 
R1 = 0.0776,  
wR2 = 0.1432 
R indices (all data) R1 = 0.1525, 
wR2 = 0.2448 
R1 = 0.0669,  
wR2 = 0.1020 
R1 = 0.0596,  
wR2 = 0.1159 
R1 = 0.1321,  
wR2 = 0.1591 
Goodness-of-fit on F
2 
1.027 1.015 1.038 1.079 
Peak/hole [eÅ-3] 1.089/0.711 0.780/0.380 1.395/1.757 1.011/1.009 
                                                        





 18·2C7H8 19 20·2DMSO 21·CH2Cl2 
Formula C62H82B2F8N8Pd4S6·2C7H8 C32H30Br2N4Ni2S2 C32H32Br4N4Pd2S2·2DMSO C32H30Br2N4Pt2S2·CH2Cl2 
Formula weight 1915.20 811.96 1402.81 1169.65 
Crystal size [mm] 0.26  0.26  0.20 0.12  0.10  0.10 0.46  0.26  0.10 0.26  0.10  0.10 
Temperature [K] 223(2) 296(2) 223(2) 100(2) 
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhomic 
Space group P21/n P212121 P21/n Fdd2 
a [Å] 15.3906(4) 9.7788(4) 13.0288(7) 18.1205(9) 
b [Å] 24.2174(6) 15.2048(6) 7.8627(5) 49.575(3) 
c [Å] 24.4807(7) 21.1848(8) 21.6471(12) 15.1791(8) 
α [°] 90 90 90 90 
β [°] 90.7140(10) 90 107.2210(10) 90 
γ [°] 90 90 90 90 
V [Å
3
] 9123.7(4) 3149.9(2) 2118.1(2) 13635.7(12) 
Z 4 4 2 16 
Dc [gcm
-3
] 1.394 1.712 2.199 2.279 
μ [mm-1] 0.971 3.895 10.605 10.854 
θ range [°] 1.5525.00 1.6527.49 1.6427.49 1.8027.50 
Reflection collected    53165 22429 14557 23997 
Independent reflections 16052 
(Rint = 0.0546) 
7215 
(Rint = 0.0611) 
4860 
(Rint = 0.0411) 
7820 
(Rint = 0.0367) 
Max., min. transmission 0.8295, 0.7864 0.6968, 0.6522 0.4169, 0.0847 0.4099, 0.1647 
Final R indices 
[I > 2σ(I)] 
R1 = 0.0651,  
wR2 = 0.1743 
R1 = 0.0508,  
wR2 = 0.1051 
R1 = 0.0389,  
wR2 = 0.0947 
R1 = 0.0295,  
wR2 = 0.0726 
R indices (all data) R1 = 0.0859,  
wR2 = 0.1873 
R1 = 0.0828,  
wR2 = 0.1156 
R1 = 0.0483,  
wR2 = 0.0991 
R1 = 0.0321,  
wR2 = 0.0737 
Goodness-of-fit on F
2 
1.047 0.989 1.043 1.030 





 23·CH2Cl2 25·CHCl3 30 
Formula C38H38Br2N4Pd·CH2Cl2 C36H48Br2N4Pd·CHCl3 C35H37F6N5O4Pd 
Formula weight 901.87 922.37 812.10 
Crystal size [mm] 0.46  0.36  0.20 0.50  0.16  0.10 0.26  0.20  0.12 
Temperature [K] 223(2) 100(2) 100(2) 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/n P21/c 
a [Å] 11.9045(7) 26.9637(12) 13.266(5) 
b [Å] 12.4596(7) 15.5373(6) 13.365(5) 
c [Å] 24.6722(15) 19.7680(8) 20.934(8) 
α [°] 90 90 90 
β [°] 92.2320(10) 110.8440(10) 102.354(12) 
γ [°] 90 90 90 
V [Å
3
] 3656.7(4) 7739.7(6) 3626(2) 
Z 4 8 4 
Dc [gcm
-3
] 1.638 1.583 1.488 
μ [mm-1] 2.873 2.783 0.587 
θ range [°] 1.8327.50 0.8127.50 1.8225.00 
Reflection collected    25276 54929 21214 
Independent reflections 8398 
(Rint = 0.0263) 
17767 
(Rint = 0.0756) 
6381 
(Rint = 0.0649) 
Max., min. transmission 0.5972, 0.3516 0.7682, 0.3367 0.9329, 0.8623 
Final R indices 
[I > 2σ(I)] 
R1 = 0.0398,  
wR2 = 0.1144 
R1 = 0.0568,  
wR2 = 0.1328 
R1 = 0.0612,  
wR2 = 0.1384 
R indices (all data) R1 = 0.0483,  
wR2 = 0.1197 
R1 = 0.0949,  
wR2 = 0.1481 
R1 = 0.0842,  
wR2 = 0.1482 
Goodness-of-fit on F
2 
1.065 1.025 1.064 
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